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Increasing population across the globe paved the way for rapid growth in industrialization.
Pharmaceuticals, automotive, textiles, agriculture, electronics, electrical and many other industries
discharge different types of heavy metals, dyes and organic contaminants into ground water. These
discharges are released into lakes and rivers without prior treatment causing huge environmental
impact to the environment. Among different remediation techniques, adsorption was considered
the most promising method because of its low-cost and high efficiency. Biomass is considered as
the most practical and renewable source for production of bio products and biofuels. Biomass is
also used for carbon sequestration and as an essential element to produce hydrochar and biochar
which are considered as the 21st century black gold. Hydrochar and biochar can be used as an
excellent low-cost adsorbent for the removal of heavy metals, dyes and organic contaminants from
water.
This dissertation work focuses on, firstly, development of novel oxone treated hydrochar
as an adsorbent for the efficient removal of Pb(II) and Methylene Blue (MB) from aqueous
solutions. Secondly, preparing novel ozone oxidized hydrochar treated with polyethyleneimine for
removal of Remzol Brilliant Blue (RBB) and Remzol Reactive Black (RRB) dyes from aqueous

solutions. Thirdly, producing high-performance CO2 activated biochar as an adsorbent for efficient
removal of Aniline from aqueous solution. All prepared hydrochar and biochar adsorbents were
characterized by SEM, TGA, FTIR, Elemental analysis, conductometric titration, and N2
adsorption-desorption isothermal analyses (BET and BJH). The adsorption capacities were
determined by Atomic absorption spectrometry (AAS) and Ultraviolet–visible spectroscopy (UVVIS) respectively. The adsorption capacity of each prepared biochar or hydrochar was determined
and both kinetic and isothermal studies were performed. The optimal preparation conditions and
adsorption parameters were determined for each adsorbent.

DEDICATION
I would like to dedicate this research to my parents, Harish Babu Madduri and Prabhavathi
Madduri, my wife, Manishah Madduri, my adorable daughter Ishaanvi Madduri, my siblings
Shruti and Sankirth and all my family members for their enormous love and overwhelming
support.

ii

ACKNOWLEDGEMENTS
I would like first to extend my sincere gratitude to my major professor and advisor Dr. El Barbary
Hassan for his wholehearted mentorship, tremendous encouragement, time, knowledge, and
patience right from beginning till the end of my Ph.D. I would like to thank Dr. Jilei Zhang, Dr.
Jason Street and Dr. Yunsang Kim, my committee members, who have both supported me in this
endeavor with their expertise and encouragement. I would like to specially thank Dr. Islam Elsayed
for his guidance, effort and time, who also helped to finish all experiments on time. I also want to
thank Dr. Elizabeth Stokes and Department of Chemistry who gave me access to their labs and
equipment. My thank you also goes to Dr. Xuefeng Zhang and Mr. Chanaka Navarathna for their
suggestions. Lastly, I am grateful to have had the privilege to study at the Department of
Sustainable Bioproducts, Mississippi State University. This experience allows me to work with
some of the best and brightest professors, colleagues and friends and provides me the opportunity
to grow and thrive. Thank you all.

iii

TABLE OF CONTENTS
DEDICATION ........................................................................................................................... ii
ACKNOWLEDGEMENTS....................................................................................................... iii
LIST OF TABLES ..................................................................................................................... vi
LIST OF FIGURES ..................................................................................................................vii
CHAPTER
I.

NOVEL OXONE TREATED HYROCHAR FOR THE REMOVAL OF PB(II) AND
METHYLENE BLUE (MB) DYE FROM AQUEOUS SOLUTIONS ........................... 1
1.1

Abstract ............................................................................................................. 1
1.1.1 Graphical abstract ........................................................................................ 2
1.2
Introduction ....................................................................................................... 3
1.3
Experimental ..................................................................................................... 6
1.3.1 Materials and reagents ................................................................................. 6
1.3.2 Hydrochar preparation ................................................................................. 6
1.3.3 Hydrochar Oxidation.................................................................................... 7
1.3.4 Hydrochar Characterization ......................................................................... 7
1.3.5 Surface acidity and point of zero charge (PZC) determination ...................... 8
1.3.6 Adsorption studies ....................................................................................... 8
1.3.7 Adsorption kinetics ...................................................................................... 9
1.3.8 Adsorption isotherms ................................................................................. 10
1.4
Results and discussions .................................................................................... 11
1.4.1 Determination of COOH content and point of zero charge (PZC) for OHC 11
1.4.2 Characterization of raw and oxidized hydrochar ......................................... 15
1.4.3 Adsorption kinetics .................................................................................... 21
1.4.4 Adsorption isotherms ................................................................................. 28
1.5
Conclusions ..................................................................................................... 35
1.6
References ....................................................................................................... 37
II.

EFFECTIVE REMOVAL OF ANIONIC DYES (REMZOL BRILLIANT BLUE AND
REMZOL REACTIVE BLACK) FROM AQUEOUS SOLUTION BY NOVEL
OZONE OXIDIZED HYDROCHAR TREATED WITH POLYETHYLENEIMINE . 43
2.1
2.2

Abstract ........................................................................................................... 43
Introduction ..................................................................................................... 44
iv

2.3

Experimental ................................................................................................... 48
2.3.1 Materials and reagents ............................................................................... 48
2.3.2 Hydrochar preparation ............................................................................... 48
2.3.3 Hydrochar Ozone Oxidation and optimization............................................ 49
2.3.4 PEI modification of ozone oxidized hydrochar ........................................... 49
2.3.5 Hydrochar Characterization ....................................................................... 50
2.3.6 Surface acidity and point of zero charge (PZC) determination .................... 50
2.3.7 Adsorption studies ..................................................................................... 51
2.3.8 Adsorption kinetics .................................................................................... 52
2.3.9 Adsorption isotherms ................................................................................. 53
2.4
Results and discussions .................................................................................... 54
2.4.1 Ozone Optimization of hydrochar .............................................................. 54
2.4.2 Characterization of raw and oxidized hydrochar ......................................... 55
2.4.3 Effect of solution pH on RBB and RRB adsorption .................................... 61
2.4.4 Adsorption kinetics .................................................................................... 63
2.4.5 Adsorption isotherms ................................................................................. 69
2.5
Conclusions ..................................................................................................... 81
2.6
References ....................................................................................................... 82
III.

EFFECTIVE REMOVAL OF ANILINE FROM AQUEOUS SOLUTION BY CO 2
ACTIVATED PINE WOOD BASED BIOCHAR ....................................................... 89
3.1
3.2
3.3

Abstract ........................................................................................................... 89
Introduction ..................................................................................................... 90
Experiment ...................................................................................................... 93
3.3.1 Materials and reagents ............................................................................... 93
3.3.2 Biochar preparation.................................................................................... 93
3.3.3 Biochar activation ...................................................................................... 94
3.3.4 Biochar Characterization procedures .......................................................... 94
3.3.5 Surface acidity and point of zero charge (PZC) determination .................... 95
3.3.6 Batch adsorption studies ............................................................................ 96
3.4
Results and discussions .................................................................................... 97
3.4.1 Characterization of raw and CO2-BC ......................................................... 97
3.4.2 Effect of solution pH and point of zero charge of CO2-BC ....................... 103
3.4.3 Adsorption kinetics .................................................................................. 105
3.4.4 Adsorption isotherms ............................................................................... 108
3.5
Conclusions ................................................................................................... 111
3.6
References ..................................................................................................... 112

v

LIST OF TABLES
Table 1.1

Elemental analysis and surface area of HC and OHC. ............................................. 16

Table 1.2

Kinetic parameters for MB dye adsorption.............................................................. 27

Table 1.3

Kinetic parameters for Pb(II) ions adsorption.......................................................... 28

Table 1.4

Adsorption isotherms parameters for MB dye adsorption........................................ 33

Table 1.5

Adsorption isotherms parameters for Pb(II) ions adsorption. ................................... 34

Table 1.6

Adsorption capacity of different modified hydrochar and biochar adsorbents
towards Pb(II) ions and MB dye in aqueous solutions. ............................................ 34

Table 2.1

Elemental analysis and surface area of HC and OHC .............................................. 56

Table 2.2

Kinetic parameters for RBB dye adsorption ............................................................ 66

Table 2.3

Kinetic parameters for RRB dye adsorption ............................................................ 69

Table 2.4

Adsorption isotherms parameters for RBB dye adsorption ...................................... 73

Table 2.5

Adsorption isotherms parameters for RRB dye adsorption ...................................... 76

Table 2.6

Adsorption capacity of different adsorbents for RBB from aqueous solution .......... 77

Table 2.7

Adsorption capacity of different adsorbents for RRB from aqueous solution .......... 78

Table 3.1

Elemental analysis and surface area of BC and CO2-BC ....................................... 100

Table 3.2

Kinetic parameters for aniline adsorption.............................................................. 107

Table 3.3

Adsorption isotherms parameters for aniline adsorption ........................................ 110

vi

LIST OF FIGURES
Figure 1.1 Graphical abstract of Pb(II) and MB absorption by oxone oxidized hydrochar .......... 2
Figure 1.2 Effect of oxone concentration on the carboxylic group’s content of OHC ............... 12
Figure 1.3 Determination point of zero charge (PZC) for the OHC .......................................... 13
Figure 1.4 Speciation curve and the amount adsorbed of MB at different pH values ................ 14
Figure 1.5 Speciation curve and the amount adsorbed of Pb(II) at different pH values ............. 15
Figure 1.6 FTIR spectra of HC and OHC................................................................................. 17
Figure 1.7 TGA-DTG thermograph of of HC and OHC. .......................................................... 18
Figure 1.8 (a) FE-SEM micrographs of hydrochar (HC), (b) FE-SEM micrographs of
oxidized hydochar (OHC). ...................................................................................... 19
Figure 1.9 (a,b) Nitrogen adsorption-desorption isotherms at -196 °C and the
corresponding average pore size distribution for the oxidized hydrochar
(OHC). ................................................................................................................... 20
Figure 1.10 Effect of adsorption time on the percentage removal of MB dye ............................. 22
Figure 1.11 Effect of adsorption time on the percentage removal of Pb(II) ions ......................... 22
Figure 1.12 Adsorption kinetic curves non-linear fitting of pseudo-second-order kinetic
model for MB dye at room temperature .................................................................. 23
Figure 1.13 Adsorption kinetic curves linear fitting of the pseudo-second-order kinetic
model for MB dye at room temperature .................................................................. 24
Figure 1.14 Adsorption kinetic curves linear fitting of the pseudo-first-order kinetic
model for MB at room temperature......................................................................... 24
Figure 1.15 Adsorption kinetic curves non-linear fitting of pseudo-second-order kinetic
model for Pb(II) ions at room temperature ............................................................. 25
Figure 1.16 Adsorption kinetic curves linear fitting of the pseudo-second-order kinetic
model for Pb(II) adsorption at room temperature ................................................... 25
vii

Figure 1.17 Adsorption kinetic curves linear fitting of the pseudo-first-order kinetic
model for Pb(II) adsorption at room temperature .................................................... 26
Figure 1.18 Adsorption isothermal curves non-linear fitting of Langmuir model for MB
dye ......................................................................................................................... 29
Figure 1.19 Adsorption isothermal curves linear fitting of Langmuir model for MB dye ........... 30
Figure 1.20 Adsorption isothermal curves linear fitting of Freundlich model for MB dye .......... 30
Figure 1.21 Adsorption isothermal curves non-linear fitting of Langmuir model for Pb(II)
ions ........................................................................................................................ 31
Figure 1.22 Adsorption isothermal curves linear fitting of Langmuir model for Pb(II) ions ....... 31
Figure 1.23 Adsorption isothermal curves linear fitting of Freundlich model for Pb(II)
ions ........................................................................................................................ 32
Figure 2.1 Effect of ozone time flow on the carboxylic groups content of Ozone
oxidized hydrochar ................................................................................................. 55
Figure 2.2 FTIR spectra of HC and PEI-OHC ......................................................................... 57
Figure 2.3 TGA-DTG thermograph of HC and PEI-OHC ........................................................ 58
Figure 2.4 (a) FE-SEM micrographs of hydrochar (HC), (b) FE-SEM micrographs of
hydrochar oxidized hydochar (PEI-OHC) ............................................................... 59
Figure 2.5 (a) Nitrogen adsorption-desorption isotherms at -196 °C and (b) The
corresponding average pore size distribution for the oxidized hydrochar (PEIOHC). .................................................................................................................... 60
Figure 2.6 Determination point of zero charge (PZC) for the OH............................................. 62
Figure 2.7 Effect of different pH values for RBB and RRB ..................................................... 63
Figure 2.8 Adsorption kinetic curves of RBB dye: Pseudo-first order at room
temperature ............................................................................................................ 64
Figure 2.9 Adsorption kinetic curves of RBB dye: Pseudo- second order at room
temperature ............................................................................................................ 65
Figure 2.10 Adsorption kinetic curves of RBB dye: Elovich model at room temperature ........... 65
Figure 2.11 Adsorption kinetic curves of RRB dye: Pseudo-first order at room
temperature ............................................................................................................ 67

viii

Figure 2.12 Adsorption kinetic curves of RRB dye: Pseudo-second order at room
temperature ............................................................................................................ 67
Figure 2.13 Adsorption kinetic curves of RRB dye: Elovich model at room temperature ........... 68
Figure 2.14 Adsorption isothermal curves of RBB dye: Langmuir model .................................. 71
Figure 2.15 Adsorption isothermal curves of RBB dye: Freundlich model ................................. 71
Figure 2.16 Adsorption isothermal curves of RBB dye: Sips model ........................................... 72
Figure 2.17 Adsorption isothermal curves of RRB dye: Langmuir model .................................. 74
Figure 2.18 Adsorption isothermal curves of RRB dye: Freundlich model ................................. 75
Figure 2.19 Adsorption isothermal curves of RRB dye: Sips model ........................................... 75
Figure 3.1 (a) FE-SEM micrographs of biochar (BC), (b) FE-SEM micrographs of
carbon dioxide treated biochar (CO2-BC) ............................................................... 98
Figure 3.2 a) Nitrogen adsorption-desorption isotherms at -196 °C and b)
Corresponding average pore size distribution for carbon dioxide treated
biochar (CO2-BC) ................................................................................................... 99
Figure 3.3 FTIR spectra of biochar (BC) and carbon dioxide treated biochar (CO2-BC) ........ 101
Figure 3.4 Conductometric titration (CO2-BC) ...................................................................... 101
Figure 3.5 TGA spectra of biochar (BC) and carbon dioxide treated biochar (CO2-BC) ......... 102
Figure 3.6 Effect of pH on the removal percentage of aniline ................................................ 104
Figure 3.7 Determination point of zero charge (PZC) for carbon dioxide treated biochar
(CO2-BC) ............................................................................................................. 104
Figure 3.8 Adsorption kinetic curves non-linear fitting of pseudo-second-order kinetic
model for Aniline adsorption at room temperature ............................................... 106
Figure 3.9 Adsorption kinetic curves linear fitting of the pseudo-second-order kinetic
model for Aniline adsorption at room temperature ................................................ 106
Figure 3.10 Adsorption kinetic curves linear fitting of the pseudo-first order kinetic
model for Aniline adsorption at room temperature ................................................ 107
Figure 3.11 Adsorption isothermal curve nonlinear fit of aniline: Langmuir model.................. 108
Figure 3.12 Adsorption isothermal curve linear fit of aniline: Langmuir model ....................... 109
ix

Figure 3.13 Adsorption isothermal curve non-linear fit of aniline: Freundlich model ............... 109
Figure 3.14 Adsorption isothermal curve linear fit of aniline: Freundlich model ...................... 110

x

CHAPTER I
NOVEL OXONE TREATED HYROCHAR FOR THE REMOVAL OF PB(II) AND
METHYLENE BLUE (MB) DYE FROM AQUEOUS SOLUTIONS
1.1

Abstract
This study represents the first ever work on a novel oxone treated hydrochar as an adsorbent

for the efficient removal of different contaminants from aqueous solutions. Pine wood hydrochar
(HC) was prepared by hydrothermal treatment at 300 °C and oxidized with oxone to produce
oxidized pine wood hydrochar (OHC). Different analytical tools such as elemental analysis, FTIR,
TGA, FE-SEM, and BET were used for the characterization of the OHC. Conductometric titration
of OHC showed a substantial increase from 22 μmole/g to 600 µmole/g in the hydrochar carboxylic
content. The OHC sorption performance was assessed by using Pb(II) ions and methylene blue
(MB) dye as two models of contaminants. Sorption benchmarks were performed by varying the
contaminant initial concentration, time, and temperatures. Sorption kinetic data was fitted well to
the pseudo-second order kinetic model with high correlation coefficients (R2>0.99) and isothermal
data was fitted to the Langmuir model. The highest adsorption capacities for MB and Pb(II) were
86.7 mg/g and 46.7 mg/g, respectively. This study proves that oxone treatment could be a potential
sustainable oxidation method to tune the hydrochar surface to increase selectivity towards heavy
metal ions and dye sorption.
* S.Madduri et al. Chemosphere, 260 (2020).
https://doi.org/10.1016/j.chemosphere.2020.127683
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1.1.1

Graphical abstract

Figure 1.1

Graphical abstract of Pb(II) and MB absorption by oxone oxidized hydrochar
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1.2

Introduction
Heavy metals and organic dyes have been a big concern for water pollution for many

decades. Rapid increases in the global population forced an essential growth rate in
industrialization, which is the major source of heavy metal contamination in water bodies. In
aquatic systems, metals can exist either through natural weathering of soils and rocks or as a result
of various human activities such as mining. Lead, copper, nickel, cadmium, arsenic, and mercury
are the most common heavy metal pollutants worldwide (Liu and Zhang, 2009; Abdel Salam et
al., 2011; Abouzeid et al., 2019; Hegazi, 2019). Among these heavy metals, lead Pb(II) has been
recognized because of its high toxicity to human beings, even in minimal doses. Pollution of Pb(II)
generally originates from industrial discharge, mining, car batteries, water supply piping, etc.
Pb(II) accumulates easily from waste waters and, when in contact with the body, can cause kidney
dysfunction, diabetes, high blood pressure, memory loss, fatigue, impaired development in infants,
etc. (Liu and Zhang, 2009; Mohan et al., 2014). Similarly, organic dyes cause serious
environmental issues as large amount of dyes are released from various industries such as textile
and leather (Zhang et al., 2019b). The existence of an aromatic ring in the dye structures makes
them highly toxic and mutagenic for human beings and aquatic life. Therefore, the effective
removal of organic dyes from water streams is important to protect the environment (Taheran et
al., 2016; He and Guo, 2019). Methylene blue (MB) is the most widely used dye in the textile
industry market. To be noted, only 5 % of MB is absorbed by fabric in the dyeing process, which
means that thousands of liters of dye are released by factories daily, producing severe
environmental pollution and health effects (Li et al., 2013; He and Guo, 2019).
There are many ways to decontaminate water of heavy metals and organic dyes. These
include photocatalytic degradation (Abdel Salam et al., 2011), coagulation (Liu and Zhang, 2009),
3

ion-exchange biological treatment (Liu et al., 2020), and membrane filtration and adsorption
(Mohan et al., 2014). Among the above methods, adsorption was considered the most promising
method because of its low-cost and efficiency (Taheran et al., 2016). Activated carbon adsorbents
received huge attention during early development, but lately has been overshadowed by new lowcost methods like pyrolysis to produce biochar and hydrothermal carbonization (HTC) to produce
hydrochar. Biomass is the most practical and renewable source for production of biofuels and bio
products, (Sun et al., 2014; Korus et al., 2019). Biomass also is used for carbon sequestration and
as an essential element to produce biochar and activated carbons (Hassan et al., 2016). Recently,
HTC has received more attention because of its nature to produce hydrochars which can be used
in different applications (Liu and Zhang, 2009). While undergoing HTC, biomass is heated in
water and without oxygen with a designated pressure (He et al., 2013). Applying high moisture
content biomass in HTC makes this technique more favorable than pyrolysis (Kang et al., 2012).
Consequently, consumption of biomass waste for hydrochar production is desirable, as it offers
solutions for solid waste management. This lowers the raw material costs, and the properties of
the byproduct can be used for different applications (Jain et al., 2016).
Hydrochar can be used as an excellent low-cost adsorbent for the removal of heavy metals
and organic contaminants from water. Previous studies indicated that diverse surface
functionalities of the hydrochar was the main reason for its strong adsorption capacities towards
both non-polar and polar organic contaminants (Sun et al., 2011; Sun et al., 2014). Hydrochar
modification was found to be the most effective technique to enhance the surface characteristics
for efficient contaminant removal (Han et al., 2016). For the removal of Pb(II) from aqueous
solutions, many oxidation treatments for biochar or hydrochar have been reported using hydrogen
peroxide (Xue et al., 2012; Wang et al., 2018; Xia et al., 2019), carbon dioxide (Sun et al., 2016),
4

and mild air oxidation (Bardestani et al., 2019). Other treatments also utilizing Microwave assisted
treatment (Elaigwu et al., 2014), Potassium hydroxide (Sun et al., 2015a), Manganese oxide (Wang
et al., 2015), birnessite (Wang et al., 2015), sodium hydroxide (Ding et al., 2016), hydrated
manganese oxide (HMO) (Wan et al., 2018), and MgAl-layered double hydroxides (Luo et al.,
2020). Furthermore, numerous biochar treatment methods for the removal of MB from aqueous
solutions were performed using oxalic acid (Zou et al., 2011), tartaric acid (Yao et al., 2012),
phosphoric acid (Ozer et al., 2012), perchloric acid (Banerjee et al., 2014), acetic acid (Sun et al.,
2015b), citric acid (Sun et al., 2015b), potassium hydroxide (Fang et al., 2017), hydrated iron
chloride (Vahdati-Khajeh et al., 2019), and zinc chloride (Li et al., 2020). Some drawbacks of the
previously mentioned studies such as low adsorption capacity or working at low pH need to be
addressed. To overcome these challenges, this study focused on preparation of a novel hydrochar
(HC), oxidized with potassium peroxymonosulfate (oxone) for the removal of Pb(II) and MB dye
from waste waters. Oxone has been studied for water treatment in previous research (Yu et al.,
2016; Wang and Wang, 2019), but no study to date has focused on oxone oxidation on hydrochar
as an adsorbent. Hydrochar has various functional groups such as hydroxyl, aldehyde, and ketone
groups. Upon treatment with oxone, these will be oxidized to a carboxylic acid or their carboxylate
esters creating functionality that can bind metal cations and drive the sorption. The hydrochar
derived from pine wood was used as a biomass to prepare the adsorbent, as it is highly abundant
in the US and other parts in the world. The oxone modified pine wood hydrochar was extensively
characterized by FTIR, TGA, BET, Elemental analysis, and FE-SEM. Adsorption experiments
were performed to examine the effects of solution pH, adsorbent dose, contact time, and initial
contaminants concentration on the adsorption process.
5

1.3

Experimental

1.3.1

Materials and reagents
Analytical grade reagents, potassium peroxymonosulfate (PMS, available as oxone),

hydrochloric acid, sodium hydroxide pellets, sodium chloride, lead nitrate, ethanol, and methylene
blue were obtained from Sigma Aldrich and Fisher Scientific. Solutions used in this study were
prepared by using high purity water (17.8 megohm-cm) purified with a Thermo Scientific E-pure
Water purification system. Pb(II) stock solution of 1 g/L was prepared by dissolving 1.6 g of
Pb(NO3)2 in 1 L DI water. MB stock solution of 1 g/L was prepared from a 150 g/L MB standard
by dissolving 0.066 L MB in 0.933 L DI. These concentrations were further diluted and used
throughout the experiments. The pH of the solution was adjusted using either 0.1 M HCl or 0.1 M
NaOH.
1.3.2

Hydrochar preparation
Pine wood biomass was used in this study as feedstock to prepare hydrochar. Dried pine

wood chips (8-10% moisture content) were ground in a hammer mill. About 100 g of ground wood
( 20 mesh size) was mixed with 600 mL deionized (DI) water in 2 L stainless steel autoclave of
Parr reactor. The reactor was heated and held at 300 °C for 4 h with continuous stirring at 500 rpm.
Then, the reactor was cooled to the ambient temperature and the solid product (HC) was collected.
The HC was washed several times with DI water to remove other impurities such as ash, then dried
at 100 °C in an oven. The dried HC was then ground to a uniform size in a pestle for homogeneity,
stored in a sealed plastic bag, and its moisture content was determined for further experiments.

6

1.3.3

Hydrochar Oxidation
Optimization experiments were performed in a 100 mL round flask for 24 h at room

temperature. Briefly, 2 g of hydrochar was added to 50 mL DI water and mixed with oxone (0.00
- 0.08 M) and NaCl salt which was added as a catalyst to activate the oxidation process. The
amount of NaCl added was representing 10% (w/w) of the oxone amount used in each experiment.
The mixture was stirred for 24 h at ambient temperature, then the produced oxidized pine wood
hydrochar sample (OHC) was washed with DI water, dried overnight, and used for the
determination of carboxyl content. The moisture content for the OHC was determined on a separate
portion of the sample. At the optimum oxidation conditions using 0.5 M of oxone, the experiment
was repeated at a bigger scale to prepare enough quantity from OHC.
1.3.4

Hydrochar Characterization
HC and OHC were grounded individually in a grinder to produce homogeneous samples.

The CE-440 Elemental Analyzer (Exeter Analytical, North Chelmsford, MA Carbon) was used to
determine hydrogen, nitrogen, and oxygen content (by subtraction). Functional group analysis
study was performed by using a Thermo Scientific Nicolet iS50 FTIR spectrometer in the range
from 400 to 4000 cm-1. Thermogravimetric analyses (TGA) were performed using a Thermo
Scientific SDT Q600 series Thermogravimetric Analyzer (TA instrument). Surface morphology
of all tested hydrochars was studied using a FE-SEM (JEOL JSM-6500F Field Emission Scanning
Electron Microscope). Surface area, pore volumes, and pore diameters were determined by
adsorption-desorption isotherms of nitrogen at – 196 °C by a Quantachrome Autosorb iQ gas
sorption analyzer (Quantachrome ASIQC0500-5, USA).
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1.3.5

Surface acidity and point of zero charge (PZC) determination
Acid base titrations were performed to determine the acidity of the oxidized hydrochar

(OHC) using conductometric end point titration method. Briefly, 0.5 g of sample was suspended
in 60 mL of 0.01 M NaCl solution by using a mechanical stirrer and titrated against a standard
0.05 M NaOH solution. The pH and conductometric titration data were obtained using an Oakton
PC 2700 meter. The point of zero charge (PZC) for OHC was determined by mixing 50 mg samples
in 25 mL portions of 0.01 M NaCl solutions pre-adjusted to pH 2, 4, 6, 8, 10 and 12 either using
0.1 M HCl or NaOH. NaCl solutions were purged with N2 before preparation to remove dissolved
CO2. Samples were agitated in a shaker for 24 h at room temperature and the pH of the filtered
solutions were measured. Initial and final pH values were graphically plotted to evaluate the PZC.
1.3.6

Adsorption studies
The adsorption performance of the oxidized hydrochar was evaluated in a batch of methylene

blue dye (MB) and Pb(NO3)2 solutions. For MB adsorption, the influence of the MB solution pH
on adsorption performance was studied by adjusting the pH from (2-10) at pH intervals = 1. For
this purpose, 15 mL of each MB solutions (100, 125, and 150 mg/L) was mixed with 50 mg of the
OHC. The dye solutions with adsorbents were placed in shaker and agitated at 200 rpm for
different times ranging from 15- 600 min. After each time, the samples were filtered with 0.22 µm
syringe filter and the dye concentrations in the filtrate were determined by using Variant UV
Spectrophotometer at wavelength ~664 nm. For lead adsorption, 50 mg of the OHC was added to
15 mL of Pb(II) solutions (75, 100, and 125 mg/L) and shaken in a shaker at 200 rpm for different
time intervals ranging from 15-600 min. At the end of each experiment, samples were filtered with
0.22 µm syringe filter, and the concentrations of Pb(II) in the filtrate were determined using
8

Shimadzu AA-7000 atomic absorption spectrophotometer. The adsorption capacity of the OHC
was determined by using the following equation:

𝑞=

(𝐶0 − 𝐶𝑡 ) × 𝑉
𝑚

(1.1)

Where C0 (mg/L) and Ct (mg/L) are the concentrations of the adsorbates (mg/g) before and after
adsorption, respectively, V is the volume of adsorbate solution (L), and m (g) is the dry weight of
hydrochar.
1.3.7

Adsorption kinetics
Adsorption kinetic tests were performed to determine the time required to reach adsorption

equilibrium and the adsorption kinetic constants using pseudo-first order and pseudo-second order
kinetic models expressed in Eqs. 2 and 3. The adsorption kinetics of MB dye were conducted by
mixing 50 mg of the OHC with 15 mL of dye aqueous solutions (100, 125, and 150 mg/L) at pH
7 and a temperature of 30 °C. The samples were placed in a shaker at 200 rpm for different time
intervals ranging from 5- 480 min. The samples were withdrawn at respective time intervals,
filtered, and the concentrations of MB in the filtrate were determined. The adsorption kinetics of
Pb(II) solutions were conducted by mixing 50 mg of the OHC with 15 mL of Pb(II) aqueous
solutions (75, 100, and 125 mg/L) at pH 6 and a temperature of 30 °C. The samples were shaken
at 200 rpm for different time intervals ranging from 15 - 600 min. Then, the samples were
withdrawn at respective time intervals, filtered, and the concentrations of Pb(II) in the filtrate were
determined. Adsorption kinetic data were determined by applying pseudo-first order and pseudosecond order adsorption models according to the following equations.
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𝑙𝑛(𝑞𝑒 − 𝑞𝑡 ) = 𝑙𝑛𝑞𝑒 − 𝑘1 𝑡

𝑡
1
𝑡
=
+
𝑞𝑡 𝑘2 𝑞𝑒2 𝑞𝑒

(1.2)

(1.3)

Where qe (mg/g) is the adsorption capacity at equilibrium, qt (mg/g) is the adsorption capacity at
time t, k1 (min−1) is the rate constant of pseudo-first order adsorption, and k2 (g/mg min) is the rate
constant of pseudo-second order adsorption.
1.3.8

Adsorption isotherms
The adsorption isotherms were determined in a manner similar to the adsorption kinetics.

Adsorption isotherms for MB dye were performed by mixing 50 mg of the OHC with 15 mL of
dye solutions (0-400 mg/L) at pH 7. The samples were placed in the orbital shaker at 200 rpm for
3 h at different temperatures of 15, 30, and 45 °C. At the end of each experiment, the samples were
filtered and the absorbance was determined via a UV spectrophotometer. Adsorption isotherms for
Pb (II) solutions were determined by mixing 50 mg of the OHC with 15 mL of Pb (II) solutions
(0-800 mg/L) at pH 6. The samples were placed in the orbital shaker at 200 rpm for 2 h at different
temperatures of 15, 30, and 45 °C. The samples were then filtered at the end of the experiment and
the concentration of Pb(II) in each filtrate was determined by using Shimadzu AA-7000 atomic
absorption spectrophotometer. The Langmuir (Eqn. 4) and Freundlich (Eqn. 5) adsorption
isotherm models were applied to analyze the experimental data:
𝐶𝑒 𝐶𝑒
1
=
+
𝑞𝑒 𝑞𝑚 𝑞𝑚 𝑏
10

(1.4)

1
𝑙𝑜𝑔𝑞𝑒 = 𝑙𝑜𝑔𝑘𝑓 + 𝑙𝑜𝑔𝐶𝑒
𝑛

(1.5)

Where Ce (mg/L) is the MB solution concentration at equilibrium, qe (mg/g) is the equilibrium
adsorption capacity, qm (mg/g) is the maximum adsorption capacity, b is the Langmuir adsorption
constant related to adsorption energy, Kf and n are the Freundlich adsorption constants which
indicate the capacity and intensity of the adsorption, respectively (Langmuir, 1918; Freundlich and
Helle, 1939).
1.4

Results and discussions

1.4.1

Determination of COOH content and point of zero charge (PZC) for OHC
At first, the minimum oxone dose required to produce the highest carboxylic functional

groups in the OHC was determined. To achieve this, a series of exploratory experiments were
performed by changing the amount of oxone from 0.00-0.08 M in the oxidation solutions (Fig.
1.1). At zero oxone concentration, the carboxylic content was very low (22.5 µmole/g). Increasing
the oxone concentration to 0.05 M improved the oxidation process and the carboxylic content
reached to 595 µmole/g. Further increase in oxone concentration slightly affected the carboxyl
content. Accordingly, the optimum oxone concentration used in this study to produce OHC was
0.05 M.
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Figure 1.2

Effect of oxone concentration on the carboxylic group’s content of OHC

The effect of solution pH is one important parameter that should be considered on sorption
studies as the speciation of the adsorbate and the surface charge of the adsorbent greatly affect the
adsorption process. As shown in Fig. 1.2, the PZC for OHC was determined at 3.25 pH. Therefore,
at a solution pH lower than 3.25, the surface of OHC is positively charged. At a solution pH higher
than 3.25, the surface of OHC becomes negatively charged, and this can be attributed to the
predominant effect of −COO− from oxone oxidation. Therefore, above pH>3.25 the adsorbent
surface becomes more negative and increases the electro-static interactions with positively charged
species such as Pb(II) solutions and cation MB dye (Sayğılı et al., 2015; Fernandes et al., 2019).
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MB dye and Pb(II) speciation curves with the adsorption capacities at different pH were displayed
in Fig. 1.3, and 1.4 (Easley and Byrne, 2011; Salazar-Rabago et al., 2017).
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Determination point of zero charge (PZC) for the OHC

Fig. 1.3 shows that MB dye exists in the cationic form at pH 6 and higher. In addition, the
adsorption capacity has ascended from 19.5 mg/g at pH 2 to 30 mg/g at pH 9 with increasing the
existence of MB cationic form. By taking into consideration the existence of an anionic surface on
the adsorbent at pH higher than 3.25, the presence of MB dye in the cationic form at pH higher
than 6, and higher adsorption capacity (28.4 mg/g) at pH 7, both MB kinetics and isothermal
experiments were studied at the neutral pH. By looking into the lead speciation curve Fig. 1.4, lead
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exists as cationic species in the pH range lower than 7, and Pb(II) ions starts to precipitate out from
pH 7 and higher. Similarly, considering the negatively charged surface of the adsorbent in a pH
range higher than 3.25, and presence of Pb(II) cations in a pH range lower than 7, both Pb(II)
kinetics and isothermal studies were performed at pH 6 as it is close to the neutral pH.
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Speciation curve and the amount adsorbed of MB at different pH values
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1.4.2

Speciation curve and the amount adsorbed of Pb(II) at different pH values

Characterization of raw and oxidized hydrochar

Table 1.1 shows the combustion elemental analysis results for both HC and OHC. It is very
clear from the table that oxone oxidation significantly increased the amount of oxygen in the OHC.
The O/C ratio in the oxidized hydrochar (~0.8) was almost double the ratio in the raw hydrochar.
This is due to the introduction of substantial amounts of oxygen functionalities on the surface of
the OHC. As a confirmation for the oxidation effect, the H/C ratios for OHC were slightly lower
than that in the raw hydrochar. At the same time, oxidation had an insignificant effect on the
nitrogen content.
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Table 1.1

Elemental analysis and surface area of HC and OHC.
Elemental analysis

Treatment

Surface area a
%C

%H

%N

%O

Molar
H/C

Molar
O/C

(m2/g)

HC

67.17

4.56

2.43

25.84

0.067

0.384

9.862

OHC

52.01

2.57

2.78

42.64

0.049

0.819

7.662

FTIR study was performed to identify the different functional groups that exist on the surface
of both HC and OHC. As shown in Fig. 1.5, FTIR spectra of both HC and OHC were very similar
except at around 1700 cm-1. The OHC shows much stronger peak at 1700 cm-1 which corresponds
to the (-C=O) of the carboxylic group. This result clearly confirms that the higher oxygen content
in the OHC is mainly due to the introduction of carboxyl groups upon oxidation. The broad peak
observed at 3450-3100 cm-1 range can be attributed to –OH stretching. The peaks at 2941 cm-1 and
2818 cm-1 in both hydrochars are due to –CH2– stretching vibrations. Peaks corresponding to
stretching vibrations of C=C, C=O and -C⎯H are observed in fingerprint region 1150-1600 cm-1.
Aromatic functional groups (-C⎯H) are observed at 800 cm-1 (Wang and Wang, 2019).
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FTIR spectra of HC and OHC

TGA depicts thermal degradation for both HC and OHC from room temperature to 800 °C
as shown in Fig. 1.6. Both samples show little mass loss up to ~150 °C, which is likely due to
dehydration and volatile compound losses. From 150-300 °C, OHC shows rapid mass loss versus
HC which could be attributed to the thermal degradation of the oxygen-containing functional
groups in the form of H2O, CO2, and CO (Liu et al., 2014; Peiris et al., 2019). However, HC also
contains substantial amounts of oxygenated and nitrogen containing functionalities, as it was
originally produced at 300 °C hydrothermal carbonization temperatures. In short, both HC and
OHC show similar mass loss behavior, but with different rates.
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Figure 1.7

TGA-DTG thermograph of of HC and OHC.

The heterogeneous structures of HC and OHC were investigated by SEM as shown in Fig.
1.7 HC showed a dense morphology showing less porosity, and substantial changes occurred on
the surface morphology and texture of OHC upon oxone oxidation. The surface was fractured to
sphere-like shapes (Adebisi et al., 2016). This could be due to the oxone trigged destruction of the
hydrochar surface by deforming and decomposing cellulose reinforcement (Karunanayake et al.,
2019).
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Figure 1.8

(a) FE-SEM micrographs of hydrochar (HC), (b) FE-SEM micrographs of oxidized
hydochar (OHC).

Surface area and pore size distribution of both HC and OHC were obtained by nitrogen
adsorption-desorption isotherm. As shown in Fig. 1.8 (a, b), both BET and BJH methods were
used to measure surface area and pore size distribution. The adsorption-desorption isotherm (Fig.
1.8 a) shows type III adsorption isotherm which means a non-porous or macro-porous structure
due to the destruction of porous structure as a result of the oxidation process. The surface area of
the OHC was slightly low (7.662 m2/g) compared to other chemically activated hydrochar (Zhang
et al., 2019a).
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Figure 1.9

(a,b) Nitrogen adsorption-desorption isotherms at -196 °C and the corresponding
average pore size distribution for the oxidized hydrochar (OHC).
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1.4.3

Adsorption kinetics
The effect of adsorption time on the percentage removal of MB dye and Pb(II) ions was

studied and the results are shown in Fig. 1.9 and 1.10. For MB dye solution, all three tested
concentrations (100, 125 and 150 mg/L) showed a high adsorption rate for the first 180 min, and
equilibrium was reached in about 240 min (Fig. 1.9). Lower MB concentration showed a complete
removal of MB due to the availability of more adsorption active sites. At 150 mg/L, the equilibrium
dropped to 80% removal percentage in about 480 min due to the saturation of adsorption sites. For
the Pb(II) adsorbent, the removal rate was more rapid and all three tested concentrations (75, 100
and 125 mg/L) reached equilibrium within ~45 min (Fig. 1.10). The removal percentages were
~95 % for 75 mg/L concentration and declined to ~75% for a concentration of 125 mg/L.
Accordingly, the adsorption rate of Pb(II) was more robust compared to the adsorption rate of MB
because it occurs primarily via the coordination to the anionic carboxylic sites. MB is a larger
species compared to Pb(II), and possibility due to the steric factors, its kinetics are slower.
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Effect of adsorption time on the percentage removal of MB dye
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Figure 1.11

Effect of adsorption time on the percentage removal of Pb(II) ions
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Figs. 1.11 to 1.16 shows the adsorption kinetics of MB and Pb(II) ions on OHC at three
different concentrations. With increasing the contact time, the adsorption capacities for both MB
and Pb(II) were optimized until reaching o equilibrium. For MB adsorption, the equilibrium time
was different depending on the concertation of the dye. In general, solutions with lower dye
concentrations reached equilibrium at a relatively shorter time compared to higher concentrations
(Fig. 1.11). For example, the equilibrium time for the solutions of the dye concentrations 100, 125,
and 150 mg/L were about 180, 240, and 300 min, respectively. On the other hand, the time required
to reach the equilibrium in the case of Pb(II) adsorption was comparable (~45 min) for all tested
concentrations of 75, 100, and 125 mg/L (Fig. 1.14). For both adsorbates, the adsorption process
consisted of two stages of the quick-rising stage and the near-equilibrium stage.
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Figure 1.12

Adsorption kinetic curves non-linear fitting of pseudo-second-order kinetic model
for MB dye at room temperature
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Adsorption kinetic curves linear fitting of the pseudo-second-order kinetic model
for MB dye at room temperature
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Figure 1.14

Adsorption kinetic curves linear fitting of the pseudo-first-order kinetic model for
MB at room temperature
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Figure 1.15

Adsorption kinetic curves non-linear fitting of pseudo-second-order kinetic model
for Pb(II) ions at room temperature
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Figure 1.16

Adsorption kinetic curves linear fitting of the pseudo-second-order kinetic model
for Pb(II) adsorption at room temperature
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Adsorption kinetic curves linear fitting of the pseudo-first-order kinetic model for
Pb(II) adsorption at room temperature

The kinetic experiment data for both MB and Pb(II) were fitted using pseudo-second order
and pseudo-first order equations (Fig. 1.11 to 1.16). The corresponding kinetic parameters were
shown in Tables 1.2 and 1.3. Both MB and Pb(II) adsorption kinetic data perfectly fitted to the
pseudo-second order model (equation 3) giving high regression values (R2>0.99). Also, the
experimental adsorption capacities (qe, exp) of kinetic model were very close to the calculated
adsorption capacities (qe, cal) (Ho et al., 1996). The above results clearly indicated that the pseudosecond order kinetic model could provide the most accurate reflection for the adsorption
mechanism (Fig 1.11, 1.14). On contrary, the pseudo-first order kinetic fittings (equation 2) were
not highly satisfactory throughout the complete range of contact time (Fig 1.13, 1.16). The pseudofirst order model correlation coefficient (R2) of MB adsorption was the range 0.85-0.9, and for
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Pb(II), 0.01-0.76 range for Pb(II) adsorption with very poor fittings (Table 1.2 and 1.3).
Furthermore, the calculated equilibrium adsorption amounts for both MB and Pb(II) ions were far
from the experimental data. Therefore, it may be concluded that the lead adsorption system did not
follow the pseudo-first order equation perfectly (Liu and Zhang, 2009). The description of the
adsorption kinetics by the pseudo-second order model suggests that the adsorption occurs through
a bi-molecular adsorption mechanism, where both adsorbent functional groups and the adsorbate
participate on the rate determining step of the adsorption process (Mohan et al., 2007). This is true
for chemisorptive sorption, and the adsorption mechanism could likely be a chemisorption process,
primarily involved in inner sphere complexation and precipitation (Ho et al., 2017; Mahdi et al.,
2018). This result agrees with FTIR analysis and SEM images. It was found that there is a
significant shift in FTIR functional group peaks. This suggests the possible coordination of
adsorbates onto adsorbent carboxylic groups (Mohan et al., 2014).
Table 1.2

Kinetic parameters for MB dye adsorption.
Pseudo-first order

Co
(mg/L)

qe (exp)
(mg/g)

qe (calc)
(mg/g)

100

30.0

15.3

125

36.1

150

38.9

Pseudo-second order

K1

K2

R2

qe (exp)
(mg/g)

qe (calc)
(mg/g)

(min )

0.0155

0.904

30.0

30.47

0.0040

0.999

27.5

0.0099

0.890

36.1

36.95

0.0011

0.996

31.7

0.0093

0.854

38.9

39.93

0.0008

0.993

-1

(min )

27

-1

R2

Table 1.3

Kinetic parameters for Pb(II) ions adsorption.
Pseudo-first order

Co
(mg/L)

qe (exp)
(mg/g)

qe (calc)
(mg/g)

75

20.73

8.16

100

25.48

125

29.11

1.4.4

Pseudo-second order

K1

K2

R2

qe (exp)
(mg/g)

qe (calc)
(mg/g)

0.0711

0.758

20.73

20.75

0.0863

1

10.62

0.0292

0.790

25.48

25.64

0.0128

0.999

7.97

0.0125

0.664

29.11

29.58

0.0068

0.999

-1

(min )

-1

(min )

R2

Adsorption isotherms
Isotherm behaviors are used to describe adsorption processes, typically the amount adsorbed

on the adsorbent surface at a constant temperature. The OHC isotherm data was evaluated using
two different isotherm models, Langmuir and Freundlich. The isotherm studies of MB dye and
Pb(II) ions at three different temperatures were investigated and the results are shown in (Figs.
1.17 to 1.22). Table 1.4 and 1.5 present the fitting parameters of the Langmuir and Freundlich
isotherm models. Adsorption isotherms for MB and Pb(II) at all temperatures were fitted to both
Langmuir (Figs.1.17, 1.18, 1.20, 1.21) and Freundlich (Figs. 1.19, 1.22) isotherms using both
linear and non-linear regression. The Langmuir isotherm model fitted well for both MB dye and
Pb(II) ions, with a correlation coefficient (R2>0.99) versus the Freundlich model (Table 1.4 and
1.5). The Freundlich isotherm model gave a poor fit for both Pb(II) and MB adsorption data. The
maximum adsorption capacities (Qmax) determined from Langmuir isotherm model of MB and
Pb(II) were 86.7 mg/g, and 46.7 mg/g, respectively at 45 °C. Measuring the partition coefficient
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(PC) is essential to estimate the actual performance of the adsorbent. The adsorption capacity is
identified as the ratio of the maximum adsorbate amount on the adsorbent to the equilibrium
concentration of adsorbate that calculated according to equation (6) (Ho et al., 2017).

𝑃𝐶 =

𝑄𝑚𝑎𝑥
𝐶𝑒

(1.6)
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Figure 1.18

Adsorption isothermal curves non-linear fitting of Langmuir model for MB dye

29

10

Ce/qe

8

6

4

2

15 oC
30 oC
45 oC

0
0

50

100

150

200

250

300

Ce (mg/L)

Figure 1.19

Adsorption isothermal curves linear fitting of Langmuir model for MB dye
Equation

y = a + b*x
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Adsorption isothermal curves linear fitting of Freundlich model for MB dye
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Adsorption isothermal curves linear fitting of Langmuir model for Pb(II) ions
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Adsorption isothermal curves linear fitting of Freundlich model for Pb(II) ions

The PC values of the adsorbent are mentioned in Tables 1.4 and 1.5. Clearly, The PC of the
OHC adsorbent was synchronizing with the behavior of maximum adsorption capacity calculated
from Langmuir model for both adsorbates with increasing the temperature. As shown in tables 1.4
and 1.5, the PC shows the lowest value along with its corresponding Qmax value at 15 °C. Both
values rose when increasing the temperature until reaching the maximum values at 45 °C, which
is consistent with the results previously reported. The favorability of MB and Pb(II) adsorbates on
OHC was calculated according to equation (7) (Ho et al., 2017).

𝑅𝐿 =

1
1 + 𝐾𝐿 𝐶0

32

(1.7)

Where KL (L.mg-1) is the Langmuir constant and C0 (mg.L-1) is the initial solution
concentration of adsorbates. For both adsorbates, RL values are located within the range of 0 to 1,
reflecting that the adsorption of MB dye and Pb(II) ions on OHC surface is favorable. The
adsorption capacities in this study was higher than, or comparable with other previous studies
which used modified biochar or hydrochar as adsorbents (Table 1.6). The increased in the
adsorption capacity compared with raw HC can be mainly attributed to the chemical interaction
between adsorbent carboxylate anion and cationic adsorbates with minor physical interactions.
This indicates that pine wood hydrochar prepared under HTC and oxone oxidation can be used
successfully as a promising new adsorbent for the removal of both MB and Pb(II) from aqueous
solutions. Although some studies reported relatively high adsorption carbonaceous materials using
biochar-supported HMO (Wan et al., 2018), H2O2 ultrasonic modified hydrochar (Xia et al., 2019),
Hydrochar/Mg/Al-LDHs composites (Luo et al., 2020), citric acid modified biochar (Sun et al.,
2015b), and hydrated iron chloride modified hydrochar (Vahdati-Khajeh et al., 2019), but the cost
efficiency of oxone treatment makes it a vastly superior technique compared to the previous
reported studies.
Table 1.4

Adsorption isotherms parameters for MB dye adsorption.
Langmuir model

Temp.

Qmax
(mg/g)

Freundlich model

KL (L/mg)

R2

Partition coefficient
(mg.g−1.μM−1)

Kf

n

R2

15 °C

33.79

0.365

0.999

0.072

25.33

19.39

0.950

30 °C

47.77

1.427

0.999

0.147

44.29

74.51

0.666

45 °C

86.73

3.43 x 10-5

1

0.379

79.77

59.38

0.793
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Table 1.5

Adsorption isotherms parameters for Pb(II) ions adsorption.
Langmuir model

Temp.

Qmax
(mg/g)

Freundlich model

KL (L/mg)

R2

Partition coefficient
(mg.g−1.μM−1)

Kf

n

R2

15 °C

35.75

0.0702

0.999

0.029

7.11

3.50

0.728

30 °C

39.71

0.0491

0.998

0.033

5.41

2.81

0.712

45 °C

46.70

6.4 x 10-5

0.995

0.041

4.47

2.38

0.730

Table 1.6

Adsorption capacity of different modified hydrochar and biochar adsorbents
towards Pb(II) ions and MB dye in aqueous solutions.
pH

qmax
(mg/g)

Oxone modified hydrochar

6.0

46.7

This study

H2O2 modified hydrochar

---

22.8

(Xue et al., 2012)

Microwave assisted modified hydrochar

6.0

45.3

(Elaigwu et al., 2014)

KOH modified hydrochar

5.5

21.5

(Sun et al., 2015a)

Mn oxide modified biochar

5.5

4.9

(Wang et al., 2015)

Birnessite modified biochar

5.5

47.0

(Wang et al., 2015)

8.0

47.0

(Sun et al., 2016)

NaOH modified biochar

5.0

19.1

(Ding et al., 2016)

H2O2 modified biochar

6.0

43.3

(Wang et al., 2018)

Biochar-supported HMO

6.7

67.9

(Wan et al., 2018)

H2O2 ultrasonic modified hydrochar

--

92.8

(Xia et al., 2019)

Mild air oxidation of a biochar

5.0

44.0

(Bardestani et al., 2019)

Hydrochar/Mg/Al-LDHs composites

4.3

62.4

(Luo et al., 2020)

Adsorbent

CO2 treated hydrochar

Adsorbate

Pb(II)
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Reference

Table 1.6 (Continued)
pH

qmax
(mg/g)

Oxone modified hydrochar

7.0

86.7

This study

Oxalic acid modified biochar

7.0

53.2

(Zou et al., 2011)

Tartaric acid modified biochar

7.0

25.2

(Yao et al., 2012)

H3PO4 modified biochar

6.5

170

(Ozer et al., 2012)

Perchloric acid modified biochar

9.5

4.6

(Banerjee et al., 2014)

7.0

29.9

(Sun et al., 2015b)

Citric acid modified biochar

7.0

178.5

(Sun et al., 2015b)

KOH modified hydrochar

7.0

51.1

(Fang et al., 2017)

FeCl3•6H2O modified hydrochar

4.0

120.2

(Vahdati-Khajeh et al.,
2019)

ZnCl2 modified biochar

7.0

47.3

(Li et al., 2020)

Adsorbent

Acetic acid modified biochar

1.5

Adsorbate

MB

Reference

Conclusions
In this study, a novel oxone oxidized hydrochar (OHC) was prepared from pine wood for the

removal of MB dye and Pb(II) ions from aqueous solutions. The optimum carboxylic content
incorporated on the hydrochar surface was obtained by treating with 0.05 M oxone. The optimum
MB adsorption conditions were determined in the range of 0-400 mg/L at pH 7 for 3 h and Pb(II)
adsorption conditions were 0-800 mg/L at pH 6 for 2h. The adsorption process of both adsorbates
was influenced mainly by changing the pH. The adsorption kinetics were considerably fast and the
data for both MB and Pb(II) were fitted well with pseudo-second order equation. Adsorption
isotherms of MB and Pb(II) onto OHC agrees well with Langmuir adsorption model. The
maximum adsorption capacity (Qmax) determined from Langmuir isotherm model of MB and
Pb(II) were 86.7 mg/g, and 46.7 mg/g, respectively at 45 °C. With increasing temperature, the
35

adsorption capacities increased showing an endothermic nature and increase in favorable nature of
adsorption. Oxone oxidation could be a viable method to tune the hydrochar surface with
carboxylic functionalities to create alternative and value-added adsorbents for environmental
applications.
Acknowledgment
This publication is a contribution of the Forest and Wildlife Research Center, Mississippi State
University.

36

1.6

References

Abdel Salam, O.E., Reiad, N.A., ElShafei, M.M., 2011. A study of the removal characteristics of
heavy metals from wastewater by low-cost adsorbents. Journal of Advanced Research 2,
297-303. https://doi.org/10.1016/j.jare.2011.01.008
Abouzeid, R.E., Khiari, R., El-Wakil, N., Dufresne, A., 2019. Current state and new trends in the
use of cellulose nanomaterials for wastewater treatment. Biomacromolecules 20, 573-597.
https://doi.org/10.1021/acs.biomac.8b00839
Adebisi, G.A., Chowdhury, Z.Z., Abd Hamid, S.B., Ali, E., 2016. Hydrothermally Treated
Banana Empty Fruit Bunch Fiber Activated Carbon for Pb(II) and Zn(II) Removal.
BioResources 11,9686-9709.
Banerjee, S., Chattopadhyaya, M.C., Srivastava, V., Sharma, Y.C., 2014. Adsorption studies of
methylene blue onto activated saw dust: Kinetics, equilibrium, and thermodynamic studies.
Environ. Prog. Sustainable Energy 33, 790-799. https://doi.org/10.1002/ep.11840
Bardestani, R., Roy, C., Kaliaguine, S., 2019. The effect of biochar mild air oxidation on the
optimization of lead(II) adsorption from wastewater. J. Environ. Manage. 240, 404-420.
https://doi.org/10.1016/j.jenvman.2019.03.110
Ding, Z., Hu, X., Wan, Y., Wang, S., Gao, B., 2016. Removal of lead, copper, cadmium, zinc,
and nickel from aqueous solutions by alkali-modified biochar: Batch and column tests. J.
Ind. Eng. Chem. 33, 239-245. https://doi.org/10.1016/j.jiec.2015.10.007
Easley, R.A., Byrne, R.H., 2011. The ionic strength dependence of lead (II) carbonate
complexation in perchlorate media. Geochim. Cosmochim. Acta 75, 5638-5647.
https://doi.org/10.1016/j.gca.2011.07.007
Elaigwu, S.E., Rocher, V., Kyriakou, G., Greenway, G.M., 2014. Removal of Pb 2+ and Cd2+
from aqueous solution using chars from pyrolysis and microwave-assisted hydrothermal
carbonization of Prosopis africana shell. J. Ind. Eng. Chem. 20, 3467-3473.
https://doi.org/10.1016/j.jiec.2013.12.036
Fang, J., Gao, B., Mosa, A., Zhan, L., 2017. Chemical activation of hickory and peanut hull
hydrochars for removal of lead and methylene blue from aqueous solutions. Chem.
Speciation Bioavailability 29, 197-204. https://doi.org/10.1080/09542299.2017.1403294
Fernandes, M.J., Moreira, M.M., Paíga, P., Dias, D., Bernardo, M., Carvalho, M., Lapa, N.,
Fonseca, I., Morais, S., Figueiredo, S., Delerue-Matos, C., 2019. Evaluation of the
adsorption potential of biochars prepared from forest and agri-food wastes for the removal
of fluoxetine. Bioresour. Technol. 292, 121973.
https://doi.org/10.1016/j.biortech.2019.121973
37

Freundlich, H., Helle, W.J., 1939. Ubber die adsorption in Lusungen. J. Am. Chem. Soc. 61, pp.
2-28.
Han, L., Ro, K.S., Sun, K., Sun, H., Wang, Z., Libra, J.A., Xing, B., 2016. New evidence for
high sorption capacity of hydrochar for hydrophobic organic pollutants. Environ. Sci.
Technol. 50, 13274-13282. https://doi.org/10.1021/acs.est.6b02401
Hassan, E.B., Elsayed, I., Eseyin, A., 2016. Production high yields of aromatic hydrocarbons
through catalytic fast pyrolysis of torrefied wood and polystyrene. Fuel 174, 317-324.
https://doi.org/10.1016/j.fuel.2016.02.031
He, C., Giannis, A., Wang, J.-Y., 2013. Conversion of sewage sludge to clean solid fuel using
hydrothermal carbonization: Hydrochar fuel characteristics and combustion behavior.
Appl. Energy 111, 257-266. https://doi.org/10.1016/j.apenergy.2013.04.084
Hegazi, H.A., 2013. Removal of heavy metals from wastewater using agricultural and industrial
wastes as adsorbents. HBRC Journal 9, 276-282.
https://doi.org/10.1016/j.hbrcj.2013.08.004
Ho, S.-H., Chen, Y.-d., Yang, Z.-k., Nagarajan, D., Chang, J.-S., Ren, N.-q., 2017. Highefficiency removal of lead from wastewater by biochar derived from anaerobic digestion
sludge. Bioresour. Technol. 246, 142-149. https://doi.org/10.1016/j.biortech.2017.08.025
Ho, Y.S., Wase, D.A.J., Forster, C.F., 1996. Kinetic studies of competitive heavy metal
adsorption by sphagnum moss peat. J. Environ. Technol. 17, 71-77.
https://doi.org/10.1080/09593331708616362
Jain, A., Balasubramanian, R., Srinivasan, M.P., 2016. Hydrothermal conversion of biomass
waste to activated carbon with high porosity: A review. Chem. Eng. J. 283, 789-805.
https://doi.org/10.1016/j.cej.2015.08.014
Kang, S., Li, X., Fan, J., Chang, J., 2012. Characterization of hydrochars produced by
hydrothermal carbonization of lignin, cellulose, d-xylose, and wood meal. Ind. Eng. Chem.
Res. 51, 9023-9031. https://doi.org/10.1021/ie300565d
Karunanayake, A.G., Navarathna, C.M., Gunatilake, S.R., Crowley, M., Anderson, R., Mohan,
D., Perez, F., Pittman, C.U., Mlsna, T., 2019. Fe3O4 nanoparticles dispersed on douglas fir
biochar for phosphate sorption. ACS Appl. Nano Mater. 2, 3467-3479.
https://doi.org/10.1021/acsanm.9b00430
Korus, A., Szlęk, A., Samson, A., 2019. Physicochemical properties of biochars prepared from
raw and acetone-extracted pine wood. Fuel Process. Technol. 185, 106-116.
https://doi.org/10.1016/j.fuproc.2018.12.004
38

Langmuir, I., 1918. The adsorption of gases on plane surfaces of glass, mica and platinum. J.
Am. Chem. Soc. 40, 1361-1403. https://doi.org/10.1021/ja02242a004
Li, F., Zimmerman, A.R., Hu, X., Yu, Z., Huang, J., Gao, B., 2020. One-pot synthesis and
characterization of engineered hydrochar by hydrothermal carbonization of biomass with
ZnCl2. Chemosphere 254, 126866. https://doi.org/10.1016/j.chemosphere.2020.126866
Liu, W., Yang, Y., Luan, C., Liu, X., Xu, B., 2014. Thermal Stability and Surface Chemistry
Evolution of Oxidized Carbon Microspheres. Fullerenes Nanotubes Carbon Nanostruct. 22,
670-678. https://doi.org/10.1080/1536383X.2012.717559
Liu, Z., Lompe, K.M., Mohseni, M., Bérubé, P.R., Sauvé, S., Barbeau, B., 2020. Biological ion
exchange as an alternative to biological activated carbon for drinking water treatment.
Water Res. 168, 115148. https://doi.org/10.1016/j.watres.2019.115148
Liu, Z., Zhang, F.S., 2009. Removal of lead from water using biochars prepared from
hydrothermal liquefaction of biomass. J. Hazard. Mater. 167, 933-939.
https://doi.org/10.1016/j.jhazmat.2009.01.085
Luo, X., Huang, Z., Lin, J., Li, X., Qiu, J., Liu, J., Mao, X., 2020. Hydrothermal carbonization of
sewage sludge and in-situ preparation of hydrochar/MgAl-layered double hydroxides
composites for adsorption of Pb(II). J. Cleaner Prod. 258, 120991.
https://doi.org/10.1016/j.jclepro.2020.120991
Mahdi, Z., Yu, Q.J., El Hanandeh, A., 2018. Removal of lead(II) from aqueous solution using
date seed-derived biochar: batch and column studies. Appl. Water Sci. 8, 181.
https://doi.org/10.1007/s13201-018-0829-0
Mohan, D., Kumar, H., Sarswat, A., Alexandre-Franco, M., Pittman, C.U., 2014. Cadmium and
lead remediation using magnetic oak wood and oak bark fast pyrolysis bio-chars. Chem.
Eng. J. 236, 513-528. https://doi.org/10.1016/j.cej.2013.09.057
Mohan, D., Pittman, C.U., Bricka, M., Smith, F., Yancey, B., Mohammad, J., Steele, P.H.,
Alexandre-Franco, M.F., Gómez-Serrano, V., Gong, H., 2007. Sorption of arsenic,
cadmium, and lead by chars produced from fast pyrolysis of wood and bark during bio-oil
production. J. Colloid Interface Sci. 310, 57-73. https://doi.org/10.1016/j.jcis.2007.01.020
Ozer, C., Imamoglu, M., Turhan, Y., Boysan, F., 2012. Removal of methylene blue from
aqueous solutions using phosphoric acid activated carbon produced from hazelnut husks.
Toxicol. Environ. Chem. 94, 1283-1293. https://doi.org/10.1080/02772248.2012.707656

39

Peiris, C., Nayanathara, O., Navarathna, C.M., Jayawardhana, Y., Nawalage, S., Burk, G.,
Karunanayake, A.G., Madduri, S.B., Vithanage, M., Kaumal, M., 2019. The influence of
three acid modifications on the physicochemical characteristics of tea-waste biochar
pyrolyzed at different temperatures: a comparative study. RSC Advances 9, 17612-17622.
https://doi.org/10.1039/C9RA02729G
Salazar-Rabago, J.J., Leyva-Ramos, R., Rivera-Utrilla, J., Ocampo-Perez, R., Cerino-Cordova,
F.J., 2017. Biosorption mechanism of Methylene Blue from aqueous solution onto White
Pine (Pinus durangensis) sawdust: Effect of operating conditions. Sustainable Environ. Res.
27, 32-40. https://doi.org/10.1016/j.serj.2016.11.009
Sayğılı, H., Güzel, F., Önal, Y., 2015. Conversion of grape industrial processing waste to
activated carbon sorbent and its performance in cationic and anionic dyes adsorption. J.
Cleaner Prod. 93, 84-93. https://doi.org/10.1016/j.jclepro.2015.01.009
Sun, K., Ro, K., Guo, M., Novak, J., Mashayekhi, H., Xing, B., 2011. Sorption of bisphenol A,
17α-ethinyl estradiol and phenanthrene on thermally and hydrothermally produced
biochars. Bioresour. Technol. 102, 5757-5763.
https://doi.org/10.1016/j.biortech.2011.03.038
Sun, K., Tang, J., Gong, Y., Zhang, H., 2015a. Characterization of potassium hydroxide (KOH)
modified hydrochars from different feedstocks for enhanced removal of heavy metals from
water. Environ. Sci. Pollut. Res. 22, 16640-16651. https://doi.org/10.1007/s11356-0154849-0
Sun, L., Chen, D., Wan, S., Yu, Z., 2015b. Performance, kinetics, and equilibrium of methylene
blue adsorption on biochar derived from eucalyptus saw dust modified with citric, tartaric,
and acetic acids. Bioresour. Technol. 198, 300-308.
https://doi.org/10.1016/j.biortech.2015.09.026
Sun, Y., Gao, B., Yao, Y., Fang, J., Zhang, M., Zhou, Y., Chen, H., Yang, L., 2014. Effects of
feedstock type, production method, and pyrolysis temperature on biochar and hydrochar
properties. Chem. Eng. J. 240, 574-578. https://doi.org/10.1016/j.cej.2013.10.081
Sun, Y., Zhang, J.P., Guo, F., Zhang, L., 2016. Hydrochar preparation from black liquor by CO 2
assisted hydrothermal treatment: Optimization of its performance for Pb2+ removal. Korean
J. Chem. Eng. 33, 2703-2710. https://doi.org/10.1007/s11814-016-0152-0
Taheran, M., Naghdi, M., Brar, S.K., Knystautas, E.J., Verma, M., Ramirez, A.A., Surampalli,
R.Y., Valero, J.R., 2016. Adsorption study of environmentally relevant concentrations of
chlortetracycline on pinewood biochar. Sci. Total Environ. 571, 772-777.
https://doi.org/10.1016/j.scitotenv.2016.07.050
40

Vahdati-Khajeh, S., Zirak, M., Tejrag, R.Z., Fathi, A., Lamei, K., Eftekhari-Sis, B., 2019.
Biocompatible magnetic N-rich activated carbon from egg white biomass and sucrose:
Preparation, characterization and investigation of dye adsorption capacity from aqueous
solution. Surf. Interfaces 15, 157-165. https://doi.org/10.1016/j.surfin.2019.03.003
Wan, S., Wu, J., Zhou, S., Wang, R., Gao, B., He, F., 2018. Enhanced lead and cadmium
removal using biochar-supported hydrated manganese oxide (HMO) nanoparticles:
Behavior and mechanism. Sci. Total Environ. 616-617, 1298-1306.
https://doi.org/10.1016/j.scitotenv.2017.10.188
Wang, Q., Wang, B., Lee, X., Lehmann, J., Gao, B., 2018. Sorption and desorption of Pb(II) to
biochar as affected by oxidation and pH. Sci. Total Environ. 634, 188-194.
https://doi.org/10.1016/j.scitotenv.2018.03.189
Wang, S., Gao, B., Li, Y., Mosa, A., Zimmerman, A.R., Ma, L.Q., Harris, W.G., Migliaccio,
K.W., 2015. Manganese oxide-modified biochars: preparation, characterization, and
sorption of arsenate and lead. Bioresour. Technol. 181, 13-17.
https://doi.org/10.1016/j.biortech.2015.01.044
Wang, S., Wang, J., 2019. Activation of peroxymonosulfate by sludge-derived biochar for the
degradation of triclosan in water and wastewater. Chem. Eng. J. 356, 350-358.
https://doi.org/10.1016/j.cej.2018.09.062
Xia, Y., Yang, T., Zhu, N., Li, D., Chen, Z., Lang, Q., Liu, Z., Jiao, W., 2019. Enhanced
adsorption of Pb(II) onto modified hydrochar: Modeling and mechanism analysis.
Bioresour. Technol. 288, 121593. https://doi.org/10.1016/j.biortech.2019.121593
Xue, Y., Gao, B., Yao, Y., Inyang, M., Zhang, M., Zimmerman, A.R., Ro, K.S., 2012. Hydrogen
peroxide modification enhances the ability of biochar (hydrochar) produced from
hydrothermal carbonization of peanut hull to remove aqueous heavy metals: Batch and
column tests. Chem. Eng. J. 200-202, 673-680. https://doi.org/10.1016/j.cej.2012.06.116
Yao, S., Lai, H., Shi, Z., 2012. Biosorption of methyl blue onto tartaric acid modified wheat bran
from aqueous solution. Iranian J. Environ. Health Sci. Eng. 9:16.
https://dx.doi.org/10.1186%2F1735-2746-9-16
Yu, M., Teel, A.L., Watts, R.J., 2016. Activation of Peroxymonosulfate by Subsurface Minerals.
J. Contam. Hydrol. 191, 33-43. https://doi.org/10.1016/j.jconhyd.2016.05.001
Zhang, X., Gao, B., Fang, J., Zou, W., Dong, L., Cao, C., Zhang, J., Li, Y., Wang, H., 2019a.
Chemically activated hydrochar as an effective adsorbent for volatile organic compounds
(VOCs). Chemosphere 218, 680-686. https://doi.org/10.1016/j.chemosphere.2018.11.144

41

Zhang, Y., Fan, R., Zhang, Q., Chen, Y., Sharifi, O., Leszczynska, D., Zhang, R., Dai, Q., 2019b.
Synthesis of CaWO4-biochar nanocomposites for organic dye removal. Mater. Res. Bull.
110, 169-173. https://doi.org/10.1016/j.materresbull.2018.10.031
Zou, W., Li, K., Bai, H., Shi, X., Han, R., 2011. Enhanced cationic dyes removal from aqueous
solution by oxalic acid modified rice husk. J. Chem. Eng. Data 56, 1882-1891.
https://doi.org/10.1021/je100893h

42

CHAPTER II
EFFECTIVE REMOVAL OF ANIONIC DYES (REMZOL BRILLIANT BLUE AND
REMZOL REACTIVE BLACK) FROM AQUEOUS SOLUTION BY NOVEL
OZONE OXIDIZED HYDROCHAR TREATED WITH
POLYETHYLENEIMINE
2.1

Abstract
Adsorption of Remzol Brilliant Blue (RBB) and Remzol Reactive Black (RRB) from

aqueous solution by Ozonized Hydrochar modified by polyethylenimine was studied. The
adsorption capacities of both dyes increased with functionalities of polyethyleneimine in the
modified adsorbent. The performed Characterizations (FTIR, BET, TGA, Elemental analysis, and
SEM) showed that polyethyleneimine modification improved the adsorbent surface chemistry,
while a slight improvement of adsorbent textural properties was also observed. The Kinetic data
performance of the adsorbent tends to be excellent because of the high removal percentages of the
anionic dyes in most experimental runs. The Isotherm result showed that RBB and RRB dye
adsorption occurred via monolayer adsorption, and chemisorption was the rate-controlling step.
The adsorbent possesses higher maximum adsorption capacity towards Remzol Brilliant Blue
(218.3 mg/g) than Remzol Reactive Black (182.7 mg/g), due to the higher number of functional
groups in Remzol Brilliant Blue that interact with the adsorbent. This study reveals the potential
of adsorbent derived from pine wood hydrochar in wastewater treatment. Furthermore, surface
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chemistry modification is proven as an effective strategy to enhance the performance of biomassderived adsorbents.
Keywords: Hydrochar; Ozone; Polyethylenimine; organic contaminants; Sorption; Water
treatment
2.2

Introduction
It is well known that due to increased industrialization, urbanization, and rapid population

growth, the usage of water increased drastically during the past many years (Wang and Yang,
2016). Among many different pollutants, dyes represent a significant source of water pollution
because of their extensive usage in textile, leather, paint, pulp and paper, food, cosmetic, and
pigment manufacturing industries (Forgacs et al., 2004). Almost 1.6 million tons of 100,000
unique dyes are fabricated every year to meet the industrial necessity and roughly 10–15% of this
volume is disposed of as wastewater (Tan et al., 2015). Considerably a lot of these dyes utilized in
these ventures are conceivably carcinogenic, mutagenic, and poisonous to human and aquatic
species. Among their natural effects, the principal issue is identified with the decrease of light into
the aquatic environment, which thus prompts a decline in photosynthetic activity (Hazzaa and
Hussein, 2015).
Reactive dyes are the most frequently used in the textile industry in comparison to others,
due to their exceptionally good properties, good cloth applications and colorfastness (Bilinska et
al., 2015). Reactive dyes are successfully used in dyeing processes of cellulose, wool, and
polyamide. Their usage in textile printing operations is also popular. The annual production of
reactive dyes amounts to 140,000 tones (Constapel et al., 2009). Remzol Brilliant Blue (RBB) and
Remzol Reactive Black (RRB) are the most commonly used in dyeing processes among them.
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Generally low obsession of responsive dye an additional issue causing contamination. Deposits of
dyes, cleansers, organic and inorganic assistants cause high shading, pH, and saltiness in textile
wastewater. It is additionally described by a high COD and an excessively low BOD, which
implies that it isn't entirely vulnerable to biological degradation (Al-Kdasi et al., 2004).
Nevertheless, the composite structure, xenobiotic and non-eco-friendly properties, makes these
dyes atoms resilient to heat and light accordingly making their expulsion from wastewater very
thought-provoking (Abbas et al., 2016). However, there are different techniques for dye treatment
such as membrane filtration (Nikooe and Saljoughi, 2017), photocatalysis (Cinelli et al., 2017),
advanced oxidation process (Zhou and He, 2007), chemical reduction (Chowdhury et al., 2018),
and adsorption (Khan et al., 2015). Among these, adsorption is the most widely used technique to
treat wastewater due to its ease of operation and the flexibility of adsorbent designing and ability
to generate high quality treated effluents (Hamzeh et al., 2012; Dağdelen et al., 2014; Zhang et al.,
2020).
Commercial activated carbon has been effectively used for adsorption of reactive dyes in
wastewater treatment facilities (Kavitha and Namasivayam, 2008; Silva et al., 2016). Activated
carbon is attractive due to the porous nature influencing a high adsorption capacity and numerous
active sites that allow chemical reactions to take place with reactive dyes (Ahmad et al., 2014).
Commercial activated carbon can be expensive, but there is an alternative that is both porous in
nature and has a surface that can also be modified. Hydrochar has an advantage over most other
adsorbents due to the many functional groups such as carboxyl and hydroxyl groups that develop
on the surface of the hydrochar during pyrolysis (Cao et al., 2009; Hsu et al., 2009; Yang and
Jiang, 2014). These groups may help in being more selective towards specific pollutants, but more
importantly, these groups help with the addition of other functional groups becoming grafted to
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the surface of the hydrochar. Therefore, hydrochar can be used as an adsorbent without any form
of modifications, but methods of transforming hydrochar can be used so that it can target specific
dyes and contaminants. There are different methods to modify hydrochar: physical (gas
activation), chemical (acid and base activation), impregnation with metals and metal oxides such
as MgO, Fe3O4, Fe2O3, etc. (Rajapaksha et al., 2016). Physical modifications are often used as an
inexpensive method to change the morphology of the hydrochar. Ozone oxidation of hydrochar is
one of the physical modification that can modify the chemistry of carbon surface by enhancing
or/and introducing selective functional groups able to interact with reactive dyes (Kohl et al.,
2010). Ozone is a powerful oxidizing agent, which oxidizes the hydrochar surface to acidic
functional groups such as carboxyl, lactone, anhydride, and phenol groups (Valdés et al., 2002).
Chemical modification of hydrochar has two main objectives: carbonization and activation.
These two objectives can be done simultaneously with an activating chemical agent. Achieving
these two steps have been reported to have enhanced the performance of the hydrochar as an
amendment or as a sorbent (Kasparbauer, 2009). Generally, chemical modification is divided into
acidic treatments or alkali treatments of the hydrochar. Acids such as phosphoric acid have been
studied for the purpose of aqueous oxidation, which increases the porosity of the hydrochar in
addition to making the surface of the hydrochar more acidic (Lin et al., 2012). Alkali pretreatment
of hydrochar can activate the hydrochar increasing the O-functional groups and increasing surface
basicity while cleaning the surface of hydrochar by dissolving ash and some organic matter (Fan
et al., 2010; Li et al., 2016). Amino modification of hydrochar using polyethylenimine (PEI) is a
promising and environmentally friendly method of enhancing the adsorption activity of hydrochar
towards organic pollutants (Yang and Jiang, 2014; Liu et al., 2015). This is because PEI contains
primary, secondary, and tertiary amines allowing it to interact with organic contaminants through
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electrostatic interactions and hydrogen bonding (Pang et al., 2011a; Pang et al., 2011b). It was
reported that grafting of PEI on the surface of aerobic granules successfully increased its sorption
for organic dyes and heavy metals (Sun et al., 2011; Truong et al., 2020). One group of researchers
successfully attempted amino modifications on hydrochar by introducing nitronium ion, NO2+, to
enhance hydrochar’s adsorption kinetics to Cu(II) (Yang and Jiang, 2014). Another group of
researchers successfully loaded PEI onto the surface of hydrochar to enhance the activity of
hydrochar towards Cr(VI) removal (Ma et al., 2014). However, the amount of loaded PEI in their
study was relatively high because the weight of loaded PEI represented 50% of the hydrochar
weight. Loading lesser amounts of PEI on the surface of hydrochar is very important because this
will increase the economic importance of the modification process.
To the best of my knowledge, no studies have been done to study the ozone oxidized
hydrochar modified by PEI on the adsorption activity of the RBB and RRB removal. Hydrochar
has various functionalities; such as aldehyde, alkene, and ether. Upon oxidizing with ozone and
treated with PEI, the ability of the modified hydrochar to adsorb amide and amine groups will be
improved. Therefore, this research aimed to study the effect of ozone oxidation and PEI
modification on the hydrochar removal efficiency towards BBR and RBB from aqueous solutions.
The Ozone-PEI modified hydrochar (PEI-OHC) was extensively characterized by FTIR, TGA,
BET, pH, PZC, Elemental analysis, and SEM. Adsorption experiments were carried out to
investigate the effects of solution pH, adsorbent dose, contact time, and initial RBB and RRB
concentration on the adsorption process.
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2.3
2.3.1

Experimental
Materials and reagents
Analytical grade reagents, hydrochloric acid, sodium hydroxide, sodium chloride, lead

nitrate, ethanol, and Remzol Brilliant blue and Remzol Reactive black were obtained from Sigma
Aldrich. Solutions used in this study were prepared by using high purity water (17.8 megohm-cm)
purified with Thermo Scientific E-pure Water purification system. RBB stock solution of 1 g/L
was prepared by dissolving 1.g of RBB in 1 L DI water. RRB stock solution of 1 g/L was prepared
by dissolving 1.g of RRB in 1 L DI water. These concentrations were further diluted and used
throughout the experiments. The pH of the solution was adjusted using either 0.1 M HCl or 0.1 M
NaOH.
2.3.2

Hydrochar preparation
Pinewood biomass was used in this study as feedstock to prepare hydrochar. Dried pine

wood chips (8-10% moisture content) were ground in a hammer mill. About 40 g of ground wood
(20- 80 mesh size) was mixed with 260 mL deionized (DI) water in 2 L stainless steel autoclave
of Parr reactor. The reactor was heated and held at 300 °C for 4 h with continuous stirring at 500
rpm. Then, the reactor was cooled to the ambient temperature and the hydrochar was collected and
washed several times with DI water to remove other impurities such as ash, then dried at 100 °C
in an oven. The dried hydrochar was then ground to a uniform size in a pestle for homogeneity,
stored in a sealed plastic bag, and its moisture content was determined for further experiments.
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2.3.3

Hydrochar Ozone Oxidation and optimization
Hydrochar ozone oxidation experiments were performed in a long cylindrical glass tube at

room temperature as follows: Three grams of hydrochar were added to the cylindrical glass tube.
The experimental setup consisted of an inlet connected to the ozone generator, which was first
connected with an oxygen cylinder, and the outlet was covered with quartz wool to eradicate the
ability of hydrochar to escape in the effluent gas. The oxygen flow rate was set to 3 L/min and the
ozone flow rate was 5 L/min. The time of each experiment was varied from 1-6 h and a total of six
experiments were performed. After each experiment, the produced oxidized pinewood hydrochar
sample was washed with DI water, dried overnight, and used for the determination of carboxyl
content. The moisture content for the oxidized hydrochar was determined on a separate portion of
the sample. Conductometric titration was performed for each sample to determine the carboxylic
content and accordingly the optimum time for ozone oxidation. The experiment was repeated at
optimum conditions at larger scale to prepare enough quantity from ozone oxidized hydrochar.
2.3.4

PEI modification of ozone oxidized hydrochar
Modification of hydrochar with PEI was performed similar to the previous studies (Sun et

al., 2011; Ma et al., 2014). A 20 g portion of each hydrochar was added to 200 mL of 10% (w/v)
PEI/methanol solution in a 500 mL conical flask. The PEI/methanol/hydrochar solution was
agitated at 200 rpm for 24 h on an orbital shaker at 25 °C. The hydrochar was subsequently filtered
and washed with deionized water to remove any residual unreacted PEI. Then, the hydrochar was
immediately transferred to a 200 mL of 5% (w/v) glutaraldehyde solution for cross-linking. The
solutions continued agitation at 200 rpm on an orbital shaker for 30 min. Finally, the PEI modified
hydrochar was filtered and rinsed with deionized water to wash off any unreacted PEI, then dried
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at 100 °C overnight. The Ozone-PEI modified hydrochar was then stored in a zip lock bag for
further use.
2.3.5

Hydrochar Characterization
Hydrochar and PEI-OHC were each ground individually in a grinder to produce

homogeneous samples. CE-440 Elemental Analyzer (Exeter Analytical, North Chelmsford, MA
Carbon) was used to determine hydrogen, nitrogen, and oxygen content (by subtraction).
Functional group analysis study was performed by using Thermo Scientific Nicolet iS50 FT-IR
spectrometer in the range from 400 to 4000 cm-1. Thermogravimetric analyses (TGA) were
performed using a Thermo Scientific SDT Q600 series Thermogravimetric Analyzer (TA
instrument). The Surface morphology of all tested hydrochars was studied using a FE-SEM (JEOL
JSM-6500F Field Emission Scanning Electron Microscope). Surface area, pore volumes, and pore
diameters were determined by nitrogen adsorption-desorption isotherms at – 196 °C by a
Quantachrome Autosorb iQ gas sorption analyzer (Quantachrome ASIQC0500-5, USA). Ozone
oxidation of hydrochar was performed by OZV-8 ozone generator (Ozone Solutions Inc.).
2.3.6

Surface acidity and point of zero charge (PZC) determination
Acid-base titrations were performed to determine the acidity of the Ozone-PEI modified

hydrochar (PEI-OHC) using the conductometric titration method. Briefly, 0.5 g of sample was
suspended in 60 mL of 0.01 M NaCl solution by using a mechanical stirrer and titrated against a
standard 0.05 M NaOH solution. The pH and conductometric titration data were obtained using an
Oakton PC 2700 meter. The point of zero charge (PZC) is the pH of aqueous solution at which the
sorbent surface has a net neutral charge. The PZC for (PEI-OHC) was determined by mixing 50
mg samples in 25 mL portions of 0.01 M NaCl solutions pre-adjusted to pH 2, 4, 6, 8, 10 and 12
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either using 0.1 M HCl or NaOH. NaCl solutions were purged with N2 before preparation to
remove dissolved CO2. Samples were agitated in a shaker for 24 h at room temperature and the pH
of the filtered solutions were measured. Initial and final pH values were graphically plotted to
evaluate the PZC.
2.3.7

Adsorption studies
The adsorption performance of the oxidized hydrochar was evaluated in a batch of RBB

and RRB solutions. For both RBB and RRB adsorption, the influence of the solution pH on
adsorption performance was studied by adjusting the pH from (2-8) at pH intervals = 1. For this
purpose, 30 mL of each solution was mixed with 10 mg of the (PEI-OHC). The dye solutions with
adsorbents were placed in a shaker and agitated at 200 rpm for different times ranging from 30360 min. After the designated time was reached, the samples were filtered with a 0.22 µm syringe
filter, and the dye concentrations in the filtrate were determined by using a Variant UV
Spectrophotometer at wavelength ~597 nm and ~593 nm respectively. The adsorption capacity of
the (PEI-OHC) was determined by using the following equation:

𝑞=

(𝐶0 − 𝐶𝑡 ) × 𝑉
𝑚

(2.1)

Where C0 (mg/L) and Ct (mg/L) are the concentrations of the adsorbates (mg/g) before and after
adsorption, respectively, V is the volume of adsorbate solution (L), and m (g) is the dry weight of
hydrochar.
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2.3.8

Adsorption kinetics
Adsorption kinetic tests were performed to determine the time required to reach adsorption

equilibrium and the adsorption kinetic constants using pseudo-first order, pseudo-second order,
and Elovich kinetic models expressed in Eqs. 2, 3, and 4. The adsorption kinetics of RBB and RRB
were conducted by mixing 10 mg of the (PEI-OHC) with 30 mL of dye aqueous solutions (75,
100, and 125 mg/L) at pH 6 and 30 °C. The samples were placed in a shaker at 200 rpm for different
time intervals ranging from 30- 360 min. The samples were withdrawn at respective time intervals,
filtered, and the concentrations of RBB and RRB in the filtrate were determined. Adsorption
kinetic data were determined by applying pseudo-first order, pseudo-second order, and Elovich
adsorption models according to the following equations.
𝑞𝑡 = 𝑞𝑒 (1 − 𝑒 −𝐾1 𝑡 )

(2.2)

𝑞𝑒2 𝑘2 𝑡
𝑞𝑡 =
1 + 𝑞𝑒 𝐾2 𝑡

(2.3)

𝑞𝑡= 1 𝑙𝑛 (1+𝛼𝛽𝑡)

(2.4)

𝛽

Where qe (mg/g) is the adsorption capacity at equilibrium, qt (mg/g) is the adsorption capacity at
time t, k1 (min−1) is the rate constant of pseudo-first order adsorption, and k2 (g/(mg min)) is the
rate constant of pseudo-second order adsorption. α (mg/g*min) is the initial adsorption rate;
and β (mg g−1) is the desorption constant during an experiment of the Elovich model (Peers,
1965).
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2.3.9

Adsorption isotherms
The adsorption isotherms were determined in a manner similar to the kinetics. Adsorption

isotherms for RBB and RRB dye were performed by mixing 10 mg of the (PEI-OHC) with 30 mL
of dye solutions (0-400 mg/L) at pH 6. The samples were placed in the orbital shaker at 200 rpm
for 4h at different temperatures of 15, 30, and 45 °C. At the end of each experiment, the samples
were filtered, and the absorbance was determined via a Variant UV Spectrophotometer at
wavelength ~597 nm and ~593 nm respectively. Langmuir, Freundlich, and Sips (Eqn. 5, 6, and
7, respectively) adsorption isotherm models were applied to analyze the experimental data. The
Langmuir model is applicable where the adsorbate and adsorbent form monolayer at equilibrium
and that adsorbed molecules do not interact whereas for Freundlich model adsorption process takes
place on the heterogeneous surface of adsorbent (Langmuir, 1918; Freundlich and Helle, 1939).
The sips isotherm is derived from the limiting behavior of the Langmuir and Freundlich isotherms
(Sips, 1948).

𝑞𝑒 =

𝑞𝑚𝑎𝑥 𝐾𝐿 𝐶𝑒
1 + 𝐾𝐿 𝐶𝑒

𝑞𝑒 = 𝐾𝐹 𝐶𝑒

𝑞𝑒 =

1/𝑛

𝑞𝑚𝑎𝑥 𝐾𝑠 𝐶𝑒
1 + 𝐾𝑠 𝐶𝑒
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(2.5)

(2.6)

1/𝑛𝑠

1/𝑛𝑠

(2.7)

Where Ce (mg/L) is the equilibrium concentration of the adsorbate, qe (mg/g) is the
equilibrium adsorption capacity, qmax (mg/g) is the maximum adsorption capacity, KL is the
Langmuir adsorption constant related to adsorption energy, KF and n are the Freundlich adsorption
constants which indicate the capacity and intensity of the adsorption, respectively (Langmuir,
1918; Freundlich and Helle, 1939). For sips model, qmax and KS are the Sips maximum adsorption
capacity (mg/g) and Sips equilibrium constant (L/mg), respectively. 1/ns is Sips model exponent
(Sips, 1948).
2.4
2.4.1

Results and discussions
Ozone Optimization of hydrochar
To achieve the highest carboxylic content (-COOH) for the ozone oxidized hydrochar (Oz-

HC) a series of ozonation exploratory experiments were performed by using an ozone flowrate of
(3 L/min) and changing the time that the hydrochar was on stream (between 1 and 6 h) as shown
in Fig 2.1. The carboxyl content was increased from 70 µmole/g for raw HC to 116 µmole/g after
1 h ozone flow. The carboxyl content was gradually increased by increasing the time on stream
and reached maximum (272.64 µmole/g) after 4 h of ozone flow. Any further increase in ozone
on-stream time resulted in a slight decrease in the carboxyl content of the hydrochar. Accordingly,
the optimum ozone on-stream time used in this study to produce ozone oxidized hydrochar was
4 h.
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Figure 2.1

2.4.2

Effect of ozone time flow on the carboxylic groups content of Ozone oxidized
hydrochar

Characterization of raw and oxidized hydrochar
Table 2.1 shows the combustion elemental analysis results for both raw HC and (PEI-

OHC). It is very clear from the table that PEI modification significantly increased the amount of
Nitrogen in the PEI-OHC. The N/C ratio in the oxidized hydrochar (~0.15) was almost ten times
higher the ratio in the raw hydrochar. This is due to the introduction of substantial amounts of
amino groups from PEI on the surface of the PEI-OHC. As a confirmation for the oxidation effect,
the O/C ratios for PEI-OHC was slightly higher than that in the raw hydrochar.
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Table 2.1

Elemental analysis and surface area of HC and OHC
Elemental analysis
Surface area a
(m2/g)

Treatment
%C

%H

%N

%O

Molar H/C

Molar O/C

Raw HC

73.44

5.21

0.38

20.97

0.071

0.285

3.764

PEI-OHC

62.33

5.2

9.31

23.16

0.083

0.371

5.209

Fig. 2.2, show the FTIR spectra of both HC and PEI-OHC. The broad and strong peak at
around 1660 cm-1, which indicates the presence of imine (C=N) and/or amide (C=O) groups on the
surface of PEI-OHC. This result proves that PEI successfully attached to the OHC. (Chen and
Huang, 2010).
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Figure 2.2

FTIR spectra of HC and PEI-OHC

TGA was performed to examine the thermal stability of HC and PEI-OHC. The weight loss
versus temperature for both HC and PEI-OHC from room temperature to 800 °C are shown in (Fig.
2.3). Both samples show little mass loss up to ~100 °C and it is likely due to dehydration and
volatile compound losses. From 250-500 °C, PEI-OHC shows rapid mass loss versus HC and this
could be attributed to the thermal decomposition of the oxygen and nitrogen-containing functional
groups in the form of H2O, NO2, CO2, and CO (Peiris et al., 2019; Navarathna et al., 2020).
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However, HC also contains substantial amounts of oxygenated and nitrogen-containing
functionalities as it was originally produced at 300 °C hydrothermal carbonization temperatures.
So, both HC and PEI-OHC shows similar mass loss behavior, but with different rates. Slight final
mass difference is due to the PEI-OHC having more amounts of PEI, which completely
decomposes at ~400 °C (Roy et al., 2015).
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Figure 2.3

TGA-DTG thermograph of HC and PEI-OHC

Fe-SEM analysis of HC (Fig. 2.4a) and PEI-OHC (Fig. 2.4b) show the drastic differences
of these materials. The HC before modification shows smooth disrupted surface which transformed
into distant appearance with encrustation layer after the Ozone-PEI modification. This could be
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due to the deposition of carboxyl and amino groups on the surface of the hydrochar. This confirms
the occurrence of some sort of interaction between active sites of HC and ozone-PEI
functionalities.

Figure 2.4

(a) FE-SEM micrographs of hydrochar (HC), (b) FE-SEM micrographs of
hydrochar oxidized hydochar (PEI-OHC)

Fig. 2.5 (a, b) shows the nitrogen adsorption isotherm and average pore size distribution for
the PEI-OHC. The nitrogen BET surface areas for HC and PEI-OHC were slightly low (3.764 and
5.209 m2/g, respectively)(Table 2.1) compared to other chemically activated hydrochar (Zhang et
al., 2019). The slight increment in surface area could be attributed to the destruction of porous
structure as a result of the oxidation process.
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Figure 2.5

(a) Nitrogen adsorption-desorption isotherms at -196 °C and (b) The corresponding
average pore size distribution for the oxidized hydrochar (PEI-OHC).
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2.4.3

Effect of solution pH on RBB and RRB adsorption
Preliminary sorption tests were carried out for raw HC for both RBB and RRB. Since the

capacity was extremely low, no further studies were performed on raw HC. The surface charge of
the adsorbent also changes as the H+ ion concentration changes in the solution. Therefore, it is
important to determine the adsorbent surface charge and the point of zero charge (PZC) where the
surface charge is zero. For this purpose, the adsorbent was reacted with solutions having different
pHs, ionic strength was the same in all solutions without dyes. The balance pHs were measured
and the surface charge exchanges were shown in Fig. 2.7. Fig. 2.6 shows that point of zero charge
(PZC) for PEI-OHC was found to be 5.68. The solid surface in the solutions below this pH is
positive and negative at higher pH levels, this can be attributed to the predominant effect of −COO−
(pKa ~ 5) from Ozone-PEI modification. The pH of the dye solution generally acts as a crucial
factor to decide the sorption capacities of sorbent towards the dye molecules, the pH specifically,
impacts the accessibility of solute towards a specific functional group by altering the surface
chemistry of the sorbent. The H+ ion concentration in the solution determines both the surface
charge of the adsorbent and the types of the ion in the solution to be adsorbed. To investigate the
effect of pH on the adsorption, the adsorption studies at a constant concentration of both dyes for
different initial pHs were performed, and obtained results are given in Fig. 2.7 The adsorption
capacity decrease with the increase in pH, under acidic conditions anionic dyes like RBB and RRB
gets adsorbed due to electrostatic interaction with the positive ions, another phenomenon explains
that lower pH, is a higher concentration of positive charge H+ in the solution, will result in more
amine protonation in RBB and RRB due to electrostatic interaction between carboxyl groups and
amino groups. The adsorption efficiency of both the dyes was observed at pH 6 which is frequently
reported to be ideal for anionic dyes removal (Ergene et al., 2009; Mate and Mishra, 2020).
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2.4.4

Effect of different pH values for RBB and RRB

Adsorption kinetics
The Kinetic study is an important aspect of any adsorption process in order to better

understand the mechanism involved during the process. Understanding kinetics also has great
significance for pilot plant applications. To study the effect of Ozone-PEI on the RBB and RRB
adsorption kinetics of HC, experiments were carried out at three concentrations (75,100 and 125
mg/L) for RBB and (50, 75 and 100 mg/L) for RRB. Figs. 2.8 to 2.13 below shows the non-linear
plots of three models for RBB and RRB dye adsorption onto PEI-OHC at room temperature. Table
2.2 and 2.3 report kinetic model parameters and their constant values as calculated from various
plots at room temperature. The summary of the plots and table explains that the rate of adsorption
is fast and reached equilibrium within 200 min. The relatively high adsorption values reflect the
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good interaction between RBB and RRB molecules and the binding sites of PEI-OHC. The pseudosecond order kinetic model shows the high regression coefficient (<0.99) over the other two
investigated models. The experimental, qe value for the pseudo-second order kinetic model agreed
well with the calculated values. The best fit kinetic model was selected by its goodness of fit,
correlation coefficient (R2) and Chi-square (χ2) value. The best correlation coefficient fits and Chisquare values of fitting to experimental data were given by Pseudo-second order model. The rate
coefficient, k2 of pseudo-second order for RBB, and RRB dyes were found to increase with an
increase in initial dye concentration. This could be due to fast sorption kinetics at higher
concentrations.
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Figure 2.8

Adsorption kinetic curves of RBB dye: Pseudo-first order at room temperature
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Adsorption kinetic curves of RBB dye: Pseudo- second order at room temperature
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Adsorption kinetic curves of RBB dye: Elovich model at room temperature
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Table 2.2

Kinetic parameters for RBB dye adsorption
Co (mg/L)
Model

Pseudo-first-order

Pseudo-second-order

Elovich

Parameter
75

100

125

qe, exp (mg/g)

109.2

120.0

131.2

qe, calc (mg/g)

106.7

118.0

128.2

K1 (1/min)

0.023

0.026

0.031

R2

0.993

0.990

0.987

X2

7.60

12.30

18.94

qe, exp (mg/g)

109.2

120.0

131.2

qe, calc (mg/g)

121.7

133.0
-4

3.03x10-4

K2 (g/mg min)

2.46x10

R2

0.995

0.996

0.996

X2

4.67

4.71

6.34

qe, exp (mg/g)

109.2

120.0

131.2

α (mg/g min)

8.66

12.69

22.38

β (g/mg)

0.042

0.041

0.042

R2

0.970

0.971

0.970

X2

32.71

37.65

44.56
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Adsorption kinetic curves of RRB dye: Pseudo-first order at room temperature
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Figure 2.12

Adsorption kinetic curves of RRB dye: Pseudo-second order at room temperature
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Adsorption kinetic curves of RRB dye: Elovich model at room temperature
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Table 2.3

Kinetic parameters for RRB dye adsorption
Co (mg/L)
Model

Pseudo-first-order

Pseudo-second-order

Elovich

2.4.5

Parameter
50

75

100

qe, exp (mg/g)

80.2

88.2

94.0

qe, calc (mg/g)

79.6

87.2

92.2

K1 (1/min)

0.018

0.021

0.026

R2

0.998

0.997

0.995

X2

1.31

1.73

3.96

qe, exp (mg/g)

80.2

88.2

94.0

qe, calc (mg/g)

93.1

100.3

K2 (g/mg min)

2.43x10-4

2.65x10-4

103.8
3.37x10-

R2

0.993

0.995

0.996

X2

4.21

3.57

3.11

qe, exp (mg/g)

80.2

88.2

94.0

α (mg/g min)

4.00

5.78

10.19

β (g/mg)

0.049

0.048

0.052

R2

0.968

0.968

0.967

X2

21.04

23.82

26.52

4

Adsorption isotherms
Adsorption isotherms were studied to understand the phenomena taking place during the

dye adsorption process, particularly the adsorbate and adsorbent interaction. In this study, three
different isotherm model equations: Langmuir, Freundlich, and Sips were chosen to predict the
adsorption capacities and to fit the experimental equilibrium data. Three-parameter models
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generally represent better fit the data versus two-parameter isotherm models. Sips model, a hybrid
form of the Langmuir and Freundlich expressions for heterogeneous adsorption systems. This
circumvented the limitation of the rising adsorbate concentration associated with Freundlich
isotherm model (Foo and Hameed, 2010). At low adsorbate concentrations, the Sips model reduces
to the Freundlich isotherm; at high concentrations, it predicts a monolayer adsorption capacity
characteristic of the Langmuir isotherm. The Sips parameters are governed mainly by the operating
conditions (e.g. pH, temperature and concentration) (Foo and Hameed, 2010).
The isotherm studies of RBB and RRB dyes at three different temperatures (15, 30, and 45
ºC) were investigated and the results are shown in Figs. 2.14 to 2.19. Tables 2.4 and 2.5 represent
the fitting parameters of the Langmuir, Freundlich, and Sips isotherm models. For RBB dye the
qm value of Langmuir isotherm was obtained to be (148.2 to 217.3 mg/g), the increase in the
adsorption capacity is noticed by the increase in temperature which suggests that adsorption
process was endothermic (Fig 2.14). The correlation coefficient (R2 = 0.998-0.999), which proves
to be a very good fit to the experimental data. Nevertheless, the Freundlich model fits are poor
(Fig 2.15) compared to other models, the values of (nF= 3.55-5.43) and (R2 =0.879-0.884) indicate
that both the physical process and the normal Langmuir isotherm are favorable. The Sips isotherm
constant qm was found to increase from (150.1-218.3 mg/g) is almost the same as the values of qm
for Langmuir isotherm (Fig 2.16). Also, the calculated ‘n’ (0.691-0.820) deviated widely from the
unity which again denotes the heterogeneity of the surface of the adsorbent. The higher (R2 =0.9990.999) values of Sips are better/similar to that of Langmuir suggest that adsorption capacity
obtained from Langmuir and Sips equation are more realistic than the Freundlich model.
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Figure 2.15

Adsorption isothermal curves of RBB dye: Freundlich model
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Figure 2.16

Adsorption isothermal curves of RBB dye: Sips model
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Table 2.4

Adsorption isotherms parameters for RBB dye adsorption
Temperature
Model

Parameter
15 °C

30 °C

45 °C

148.2

192.1

217.3

KL (L/mg)

0.044

0.070

0.146

R2

0.998

0.997

0.999

X2

3.36

10.87

3.43

KF (mg/g) (L/mg)1/n

31.00

49.87

84.56

nF

3.55

3.97

5.43

R2

0.879

0.859

0.884

X2

123.5

280.2

303.9

qmax (mg/g)

150.15

195.7

218.3

Ks ((L/mg)

0.169

0.021

0.077

ns

0.691

0.817

0.820

R2

0.999

0.999

0.999

X2

4.84

1.90

2.51

qm (mg/g)
Langmuir

Freundlich

Sips

For RRB dye the qm value of Langmuir isotherm was determined to be (99.46 to 187.70
mg/g), the increase in the adsorption capacity is noticed by the increase in temperature which
suggests that adsorption process was endothermic as well (Fig 2.17). The correlation coefficient
(R2 = 0.999-0.999), proves a very good fit to the experimental data. Nevertheless, the Freundlich
73

model fits are poor (Fig 2.18) compared to other models, the values of (nF= 3.55-5.43) and (R2
=0.784-0.913) indicate that both the physical process and the normal Langmuir isotherm are
favorable. The Sips isotherm (Fig 2.19) constant qm was found to increase from (94.46-181.90
mg/g) is close to the values of qm for Langmuir isotherm. Also, the calculated ‘n’ (0.687-0.959)
deviated widely from the unity which again denotes the heterogeneity of the surface of the
adsorbent. The higher (R2 =0.999-0.999) values of the Sips model are similar to that of the
Langmuir model suggesting that adsorption capacity obtained from the Langmuir and Sips
equation is more realistic than the Freundlich model.
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Figure 2.17

Adsorption isothermal curves of RRB dye: Langmuir model
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Figure 2.18

Adsorption isothermal curves of RRB dye: Freundlich model
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Figure 2.19

Adsorption isothermal curves of RRB dye: Sips model
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Table 2.5

Adsorption isotherms parameters for RRB dye adsorption
Temperature
Model

Langmuir

Freundlich

Sips

Parameter
15 °C

30 °C

45 °C

qm (mg/g)

99.46

141.0

182.7

KL (L/mg)

0.056

0.081

0.115

R2

0.999

0.999

0.999

X2

5.72

8.73

3.06

KF (mg/g) (L/mg)1/n

30.71

51.90

81.94

nF

4.92

5.65

6.92

R2

0.784

0.830

0.913

X2

79.15

127.7

120.5

qmax (mg/g)

94.46

136.7

181.9

Ks ((L/mg)

0.012

0.027

0.101

ns

0.687

0.747

0.959

R2

0.999

0.999

0.999

X2

1.95

6.27

3.31
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Table 2.6

Adsorption capacity of different adsorbents for RBB from aqueous solution

Adsorbent
Ozone-PEI Hydrochar
Coconut coir

pH

qmax (mg/g)

6
6.9

References

218.3

This study

15.2

(Kavitha &

Activated carbon

Namasivayam,
2008)

Orange peel Biochar

--

11.6

(M.R. Mafra, 2012)

Corn cob activated

6

12.6

(Mohd Azmier

carbon
Sewage activated

Ahmada, 2011)
2

33.5

(Silva et al., 2016)

3

23.6

(Dağdelen et al.,

carbon
Pirina Activated
carbon
Seaweed Biochar

2014)
2

92.5

(Vijayaraghavan &
Ashokkumar,
2019)

Green algae

2

95.2

(Ergene et al.,
2009)

HN03 Activated

3

199.4

carbon
Chitosan Vermiculite beads

(Dağdelen et al.,
2014)

9.6

229
77

(Senol, Gursoy,
Simsek, Ozer, &
Karakus, 2020)

Table 2.6 (Continued)
Adsorbent

pH

Peanut hull+H3PO4

--

149.2

(Zhong et al., 2012)

2

224.4

(S. Li, Zeng, &

qmax (mg/g)

References

activated carbon
Epichlorohydrin
Walnut shell biochar

Xue, 2019)

H3PO4 Biomass

2

292

(Silva et al., 2018)

Pomegranate peel

2

370.9

(Ahmad et al.,

activated carbon

2014)

H2O2 Biochar

5.9

357

(Nair & Vinu,
2016)

Table 2.7

Adsorption capacity of different adsorbents for RRB from aqueous solution

Adsorbent
Ozone-PEI Hydrochar
Bagasse

pH

qmax (mg/g)

6
3

References

182.7

This study

7.5

(A.R. Ziapour,
2016)

Fe3O4 Biochar

10

2.9

(Khan et al., 2015)

Fly ash

6

7.9

(Eren & Acar,
2006)
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Table 2.7 (Continued)
Adsorbent

pH

Macadamia Seed

3

qmax (mg/g)
1.1

biochar

References
(Felista, Wanyonyi,
& Ongera, 2020)

Cu–Cu2O Biochar

9

5.4

(Khan et al., 2015)

Wheat straw

7

15.7

(Yousefi et al.,
2011)

Powdered activated

6

58.8

carbon
PEI + Coffee waste

(Eren & Acar,
2006)

7

77.5

(Wong et al., 2020)

3

49.2

(Munagapati,

Biochar
Banana peel biochar

Yarramuthi, Kim,
Lee, & Kim, 2018)
Candida tropicalis

3

101.9

(Donmez, 2001)

7

72.4

(Ziane, Bessaha,

char
Dolomite

Marouf-Khelifa, &
Khelifa, 2018)
Magnetic Fe2O3

6

18

nanoparticle

(Chang & Shih,
2018)
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Table 2.7 (Continued)
Adsorbent

pH

Date seed Biochar

2

qmax (mg/g)
113.4

References
(Senthilkumar,
Reddy Prasad,
Govindarajan,
Saravanakumar, &
Naveen Prasad,
2018)

Canola stalks

2.5

32.8

biosorbent

(Hamzeh et al.,
2012)
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2.5

Conclusions
In this study, a novel low-cost adsorbent was prepared by modification of ozone oxidized

hydrochar with PEI to introduce more amino groups. The results indicate that the ozone oxidation
improved the carboxyl content on the hydrochar and further modification with PEI significantly
added the aminol groups which improved the adsorption performance for RBB and RRB removal.
The adsorption process of both adsorbates was influenced by changing the pH and adsorption
studies have occurred at neutral pH. Kinetics for the adsorption was considerably fast and kinetic
adsorption data for both RBB and RRB were fitted well with the pseudo second order equation.
Adsorption isotherms of RBB and RRB onto PEI-OHC agrees well with both Langmuir and Sips
adsorption model. The maximum adsorption capacity (Qmax) determined from Langmuir
isotherm model of RBB and RRB were 218.3 mg/g, and 182.7 mg/g, respectively at 45 °C. With
increasing temperature, the adsorption capacities increased showing an endothermic nature and
increase in favorable nature of adsorption. Ozone-PEI modification could be a viable method to
tune the hydrochar surface with carboxylic and amine functionalities to create alternative and
value-added adsorbents for environmental applications.
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CHAPTER III
EFFECTIVE REMOVAL OF ANILINE FROM AQUEOUS SOLUTION BY CO2
ACTIVATED PINE WOOD BASED BIOCHAR
3.1

Abstract
The effective removal of aniline from wastewater is vital due to the high toxicity.

Adsorption of anilin with a high-performance adsorbent is an efficient pathway. Pine wood
biomass was synthesized by novel carbon dioxide activation to produce CO2 biochar (CO2-BC) at
1000 oC, the adsorbate is characterized by a surface area analyzer, FTIR, elemental analyzer, TGA
and SEM. The adsorption properties of CO2-BC towards anilines were also investigated by using
batch methods from pH 2–10. The test results showed that the CO2-BC possesses relatively higher
specific surface area and narrower pore size distribution compared with raw biochar. The FTIR
and conductometric titration results showed that CO2 activation on biochar triggered the carboxyl
functionalities which helped for high removal efficiency of aniline. The adsorption capacities
towards aniline were very high and reached up to, 746.3 mg/g. Langmuir and Freundlich isotherm
models were used to evaluate the results. Freundlich isotherm model was a better fit for the
adsorption process with R2 = 0.99.
Keywords:
Biochar; Carbon dioxide; Aniline; Sorption; Water treatment
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3.2

Introduction
Biomass is the most sensible sustainable material for the production of renewable energy

and bioproducts. (González, Román, Encinar, & Martínez, 2009). Biomass is abundant in nature
and available in different forms like forest crops, agricultural residues, industrial residues,
municipal wastes, etc. (Kim, Kim, Cho, & Choi, 2012). Pine is one of the major softwood trees
grown in Mississippi and because of its high biomass yields, it is used for many resources. Pine
extractives contain mainly resin acids, fatty acid esters and fatty acids (Hemingway, 1971) reported
that 22.4 to 97 wt% of pine extractives is comprised of resins. Fatty acid esters content in pine
extractives is reported to be significantly higher than free fatty acids amount (30–50) wt% and up
to 4 wt% of total extracted compounds, respectively. The main esters found in pinewood were
methyl stearate and methyl oleate, which amounted to almost 90% of total fatty acids methyl ester
(Zinkel, 1989). The pyrolysis of an extracted pine yields fewer acids and significantly more
CO2 and water in comparison to the pyrolysis of raw biomass (Guo, Wang, Wang, Liu, & Luo,
2010).

It

is

therefore

expected,

that

extractives

are

favoring formic

acid over levoglucosan formation from cellulose decomposition (Korus, Szlęk, & Samson, 2019).
Pyrolysis goes back to ages, especially in Egypt when tar for caulking containers and
certain preserving agents were made utilizing pyrolysis (Mohan, Sarswat, Ok, & Pittman, 2014).
Pyrolysis forms have been constantly enhanced and are broadly utilized for coke and charcoal
generation. During the 1980s, plant pyrolysis fluid yields were expanded by utilizing "fast
pyrolysis" where the biomass is warmed at a fast rate (in almost no time) to ∼400– 500 °C
delivering burns, gases, and vapor that is dense quickly to "bio oil (Mohan et al., 2014). This wellknown technique converts biomass to different products including bio-oil, syngas, and biochar
(González et al., 2009). Among these biochar, is a valuable material that has tremendous
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consideration on account of its various applications (Azargohar & Dalai, 2008). In the pyrolysis
procedure, biochar is made by the high-temperature disintegration of biomass in nonappearance
or the presence of oxygen in minor fixation (Suliman et al., 2016). Biochar requires a couple of
adjustments including activation and oxidation relying upon the focused applications. Biochar can
be activated for the application which requires high surface area (Fu, Yue, Gao, Sun, & Zhu, 2013;
Izquierdo, Martínez de Yuso, Rubio, & Pino, 2011). The quality of activated biochar depends on
the activation method, type of precursor, temperature, and type of pyrolysis process. The two ways
to activate biochar, involve either physical activation or chemical activation (Bardestani &
Kaliaguine, 2018). Biochar is connected as a propelled adsorbent, impetus, and soil enhancement.
As adsorbent biochar is utilized to diminish several contaminants in water, for example, organic
compounds, dyes, and heavy metals (Bardestani & Kaliaguine, 2018; Georgin, Dotto, Mazutti, &
Foletto, 2016; Mohan et al., 2014).
Synergist utilizations of biochar are observable, not just because of its capacity to lessen
metal oxides yet additionally due to the high surface region and porosity of initiated biochar and
their consequences for adsorption (Jung & Kim, 2014; Nieva Lobos et al., 2016). Biochar is an
adsorbent frequently framed as a bio-fuel industry side-effect and is more affordable and more
earth benevolent than activated carbon. Broad research presently affirms that biochar can be
utilized for carbon sequestration, enhancing soil richness, and improving water quality through
adsorption (Initiative, 2015). Biochar originated from agricultural wastes, for example, pine, rice
husk, oak wood, corn straw, shelled nut straw, and soybean straw have displayed certain adsorption
capacity towards substantial metals in water (Ahmad et al., 2014; Mohan et al., 2014). The charged
oxygen-containing functionalities on biochar surface, particularly carboxyl (COOH) and hydroxyl
groups (OH) have been ended up being the dynamic locales for lethal metals evacuation (Qian,
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2013), and surface complexation or particle trade is the principle sorption mechanism (SánchezPolo & Rivera-Utrilla, 2002; Uchimiya et al., 2010).
Aniline and its subsidiaries, as significant crude material, are utilized generally in dyestuff,
explosives, rubber manufacturing, and pharmaceuticals. Aniline is an aromatic organic compound
listed US Environmental Protection Agency (EPA). The limit of aniline in water suggested by US
EPA is 0.262. When, the aniline-containing wastewater released from these sources has caused
many environmental issues. As a kind of blood toxin, anilines can cause transformation of
hemoglobin to methemoglobin and further result in cyanosis (Patil & Shinde, 1988). There are
many other effects on frequent exposure of aniline like hunger drops, weight reduction, liver and
bone marrow damage. Different techniques are practiced from several years for removal of aniline
from waste waters like oxidation (An et al., 2016; Mažeikienė, Niaura, & Malinauskas, 2013),
photocatalytic degradation (An et al., 2016; Xie, Zhang, Huang, & Huang, 2012), ozonation (Tang,
Li, Bie, Zhu, & Zou, 2010; Tayade, Kulkarni, & Jasra, 2006) membrane separation (Hongbin Li
et al., 2016) biodegradation (Patil & Shinde, 1988) and adsorption (Huang, Yang, Liu, & Liu,
2014; Hongyan Li et al., 2020; Suresh, Srivastava, & Mishrab, 2012). Among these techniques,
adsorption is powerful and broadly utilized because of its higher adsorption capacity and
moderately straightforward application.
Adsorption is more attractive when alternative and low-cost adsorbents like biochar are
used. In this context, pine wood biochar s have been used to adsorb aniline from aqueous solutions
(Georgin et al., 2016; Sumalinog, Capareda, & de Luna, 2018; Zazycki et al., 2018). Based on the
best of my knowledge, there are few studies about the preparation and application of CO2 activated
biochar from pine wood.
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In this work pine biomass was pyrolyzed to biochar as an adsorbent, and biochar was
activated physically using, CO2 (Franciski et al., 2018; Shao et al., 2018). The surface area of
respective biochar was measured with BET and the maximum surface area was compared to the
other activation methods. The capability of CO2 activated biochar as an elective adsorbent to
remove aniline from aqueous media was investigated. The biochar and the CO2 activated biochar
were characterized using BET, Fourier transform infrared spectroscopy (FTIR), Elemental
analysis, TGA, SEM, conductometric titration and finally the capability of CO2 activated biochar
to adsorb aniline was assessed in UV-VIS spectroscopy. Both kinetic and isothermal studies were
also performed.
3.3
3.3.1

Experiment
Materials and reagents
The chemical reagents (Aniline, acids, and bases) used in this study were in analytical

grade (purchased from Sigma-Aldrich, Fischer. and Alfa Aesar). The carbon dioxide gas was
purchased from Airgas Inc. The pH adjustments were made using 1 M, 0.1 M, and 0.01 M HCl
and NaOH solutions. All chemical solutions used in this study were prepared by using high purity
water (17.8 megohm-cm) purified with a Thermo Scientific E-pure Water purification system.
Aniline stock solution of 1 g/L was prepared by dissolving 978 µl of Aniline in 999.22 mL DI
water. Pinewood biomass used to prepare biochar was harvested from the Starr Memorial Forest
of the Forest and Wildlife Research Center, located ten miles south of Starkville, Mississippi.
3.3.2

Biochar preparation
Loblolly pine wood biomass was used in this study to produce biochar via fast pyrolysis.

The fast pyrolysis process was performed using a 7 kg/h feed rate with a stainless steel auger
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reactor located at the department of Sustainable Bioproducts, Mississippi State University. A
detailed schematic presentation describing the reactor was reported elsewhere (Q. Li, Steele, Yu,
Mitchell, & Hassan, 2013). The pine wood was dried in an oven at 40 ºC until reaching a moisture
content of (8%) before feeding into the reactor at a temperature 450 ºC. The reactor gases were
passed through a cooling separation unit and condensed into bio-oil. The byproduct biochar was
collected at the end of pyrolysis process and kept in sealed plastic bag for further experiments.
3.3.3

Biochar activation
Large biochar particles (~2 cm) were collected, thoroughly washed several times with

water and dried at room temperature for 48 h. The biochar particles were ground, sieved to a
particle size range of 0.1– 0.6 mm and, stored in closed vessels until needed. The CO2 activation
of biochar was performed in a muffle furnace. First 100 g of biochar was ground into a fine powder
and mixed with a small amount of deionized water (DIW). The prepared biochar paste was
uniformly placed in two porcelain boats. The boats were placed in a long cylindrical steel tube
which set up in the muffle furnace. The cylindrical steel tube was fixed with an inlet and outlet of
CO2 flow and tightly packed. Once the experiment setup was completed, the muffle furnace was
turned on at 1000 o C for 4 h. After the furnace reached room temperature the CO2 activated biochar
(CO2-BC) was washed well and dried in an oven. The dried CO2-BC was then ground to a uniform
size in a pestle for homogeneity, stored in a sealed plastic bag, and its moisture content was
determined for further experiments.
3.3.4

Biochar Characterization procedures
The points of zero charge (PZC) of CO2-BC were determined using the pH drift method

(Madduri, Elsayed, & Hassan, 2020). CO2-BC and Raw BC surface architectures were examined
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using a Scanning electron microscopy (SEM) (model JEOL JSM-6500F). The surface areas, pore
volumes, and pore diameters of CO2-BC and raw BC were determined by adsorption-desorption
isotherms of nitrogen at – 196 °C by a Quantachrome Autosorb iQ gas sorption analyzer
(Quantachrome ASIQC0500-5, USA). The CE-440 Elemental Analyzer (Exeter Analytical, North
Chelmsford, MA Carbon) was used to determine hydrogen, nitrogen, and oxygen content (by
subtraction) for both CO2-BC and Raw BC. A functional group analysis study was performed by
using a Thermo Scientific Nicolet iS50 FTIR spectrometer in the range from 400 to 4000 cm-1.
Thermogravimetric analyses (TGA) were performed using a Thermo Scientific SDT Q600 series
Thermogravimetric Analyzer (TA instrument). The concentration of aniline in the solution was
measured at as a wavelength of maximum absorption (280 nm) by a UV-Vis spectrophotometer
(Azzota Instrument Limited Model).
3.3.5

Surface acidity and point of zero charge (PZC) determination
Acid-base titrations were performed to determine the acidity of the CO 2-BC using the

conductometric endpoint titration method. Briefly, 0.5 g of sample was suspended in 60 mL of
0.01 M NaCl solution by using a mechanical stirrer and titrated against a standard 0.05 M NaOH
solution. The pH and conductometric titration data were obtained using an Oakton PC 2700 meter.
The point of zero charge (PZC) for CO2-BC was determined by mixing 50 mg samples in 25 mL
portions of 0.01 M NaCl solutions pre-adjusted to pH 2, 4, 6, 8, 10, and 12 either using 0.1 M HCl
or NaOH. NaCl solutions were purged with N2 before preparation to remove dissolved CO2.
Samples were agitated in a shaker for 24 h at room temperature and the pH of the filtered solutions
were measured. Initial and final pH values were graphically plotted to evaluate the PZC (Madduri
et al., 2020).
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3.3.6

Batch adsorption studies
The effects of the solution pH on Aniline adsorption by CO2-BC were studied using

100 mg/L Aniline solutions at 25 °C from pH 2 to 10 (at intervals of 1 pH units). Aniline adsorption
kinetics on CO2-BC were examined by equilibrating 10.0 mg of CO2-BC with 20.0 mL of three
different aniline concentrations (75, 100, and 125 mg/L) in 50 mL polypropylene vials at 25 °C
and pH 5. These vials were shaken at 200 rpm in a mechanical shaker, withdrawn at respective
time intervals. The contents were filtered immediately using a 0.22 μm syringe filter and analyzed
for aniline using UV-Vis spectrophotometer (Azzota Instrument Limited Model). Isotherm
experiments at aniline concentrations of 25– 600 mg/L (20 mL) were equilibrated with CO2-BC
(10 mg), followed by neutralization with drop-wise addition of HCl and NaOH solutions.
The adsorption capacity of the CO2-BC was determined by using the following equation:

q=

(C0 − Ct )  V
m

(3.1)

Where C0 (mg/L) and Ct (mg/L) are the concentrations of the adsorbates (mg/g) before and
after adsorption, respectively, V is the volume of adsorbate solution (L), and m (g) is the dry weight
of CO2-BC.
Adsorption kinetic data were determined by applying pseudo-first-order and pseudosecond-order adsorption models according to the following equations.

𝑙𝑛(𝑞𝑒 − 𝑞𝑡 ) = 𝑙𝑛𝑞𝑒 − 𝑘1 𝑡

(3.2)

𝑡
1
𝑡
=
+
2
𝑞𝑡 𝑘2 𝑞𝑒 𝑞𝑒

(3.3)

96

Where qe (mg/g) is the adsorption capacity at equilibrium, qt (mg/g) is the adsorption
capacity at time t, k1 (min−1) is the rate constant of pseudo-first-order adsorption, and k2
(g/mg min) is the rate constant of pseudo-second-order adsorption.
The Langmuir (Eqn. 4) and Freundlich (Eqn. 5) adsorption isotherm models were applied
to analyze the experimental data:

𝐶𝑒 𝐶𝑒
1
=
+
𝑞𝑒 𝑞𝑚 𝑞𝑚 𝑏

(3.4)

1
𝑙𝑜𝑔𝑞𝑒 = 𝑙𝑜𝑔𝑘𝑓 + 𝑙𝑜𝑔𝐶𝑒
𝑛

(3.5)

Where Ce (mg/L) is the MB solution concentration at equilibrium, qe (mg/g) is the
equilibrium adsorption capacity, qm (mg/g) is the maximum adsorption capacity, b is the Langmuir
adsorption constant related to adsorption energy, Kf and n are the Freundlich adsorption constants
which indicate the capacity and intensity of the adsorption, respectively (Freundlich & Helle, 1939;
Langmuir, 1918).
3.4
3.4.1

Results and discussions
Characterization of raw and CO2-BC
Scanning electron micrographs for BC and CO2-BC (Fig. 3.1 a, b) show the morphological

changes due to widely distributed CO2 activation on the surface. Primary particles are easily seen
on particle aggregate surfaces. Biochar serves as an effective dispersing matrix (Wang, Gao, Li,
Creamer, & He, 2017). The ×950 magnification SEM of BC is shown in Fig. 3.1a to illustrate its
morphology and provide a contrast to the surface observed after deposition of CO2. The fraction
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of primary particles found in larger aggregates were reduced by depositing smaller weight fractions
of CO2 activation onto biochar.

Figure 3.1

(a) FE-SEM micrographs of biochar (BC), (b) FE-SEM micrographs of carbon
dioxide treated biochar (CO2-BC)

BC and CO2-BC surface areas were 9.862 m2/g and 469.9 m2/g respectively (Table 3.1),
while micropore volumes were 0.055 cm3/g (BC) and 0.256 cm3/g (MBC). The substantial increase
of 460 m2/g of the surface area going from BC to CO2-BC indicates CO2 uptake on BC was well
versed and access to N2 adsorption onto a portion of the biochar's microporous and macroporous
surface during BET measurements (Fig 3.2 a, b)
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Figure 3.2

a) Nitrogen adsorption-desorption isotherms at -196 °C and b) Corresponding
average pore size distribution for carbon dioxide treated biochar (CO2-BC)
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Table 3.1 shows the combustion elemental analysis results for both BC and CO2-BC. It is
very clear from the table that CO2 activation significantly increased the number of carbonyl
compounds in the CO2-BC. The H/C ratio in the CO2-BC (~0.026) was almost decreased to half
the ratio to the raw BC. This is due to the introduction of substantial amounts of carbonyl
functionalities on the surface of the CO2-BC.
Table 3.1

Elemental analysis and surface area of BC and CO2-BC
Elemental analysis

Treatment

Surface area
a

%C

%H

%N

%O

Raw BC

65.06

3.94

0.85

30.15

CO2-BC

88.33

2.35

1.23

8.09

Molar
H/C
0.052

0.026

Molar
O/C
0.268

0.091

2

(m /g)

9.862

469.872

The FTIR study identifies the different functional groups that exist on the surface of both
BC and CO2-BC. As shown in Fig. 3.3, FTIR spectra of both HC and OHC were very similar
except at around 1720 cm-1. The CO2-BC shows a much stronger peak at 1720 cm-1 which
corresponds to the (-C=O) of the carbonyl group. This result confirms that the higher carboxyl
content in the CO2-BC is mainly due to the introduction of carbonyl groups upon activation
(Mohan et al., 2014). Also with the conductometric titration results we can confirm that CO2
activation triggered the carboxyl content where raw BC was noted at 157.4 μmole/g and for CO2BC it increased four times to 555.4 μmole/g (Fig 3.4).
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Figure 3.3

FTIR spectra of biochar (BC) and carbon dioxide treated biochar (CO2-BC)

Figure 3.4

Conductometric titration (CO2-BC)
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TGA depicts thermal degradation for both BC and CO2-BC from room temperature to 800
°C as shown in Fig. 3.5. Both samples show little mass loss up to ~100 °C, which is likely due to
dehydration and volatile compounds losses. From 100-250 °C, CO2-BC shows rapid mass loss
versus BC which could be attributed to the thermal degradation of the carboxyl-containing
functional groups in the form of CO2, and CO (Peiris et al., 2019). In short, both BC and CO2-BC
show similar mass loss behavior, but with different rates.
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Figure 3.5

TGA spectra of biochar (BC) and carbon dioxide treated biochar (CO2-BC)
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3.4.2

Effect of solution pH and point of zero charge of CO2-BC
The solution pH is an important parameter that influences most of the solid/liquid

adsorption processes. The adsorption of aniline on the adsorbents was examined at different pH
range 2–10 and results are presented in Fig. 3.6. It was observed that aniline adsorption was
decreased with increasing initial pH of aniline solution and the maximum value was reached at pH
3.0. As shown in Fig. 6, adsorption turnover of aniline is high and stable under acidic and neutral
pH conditions and decreases with the increase of pH value under alkaline pH conditions. This
trend may be explained based on the fact that at low pH, aniline molecules readily enter into the
pore structure of the common reed surface. Lower adsorption of aniline at alkaline pH is likely due
to the presence of excess OH_ ions competing with aniline for the hydrogen bond formed with
water molecules coordinated with CO2-BC in interlayer (Low, Lee, & Tan, 1995). Aniline being
a weak base and anionic in nature it easily changes to positively charged anilinium ion under acidic
conditions. The influence of solution pH also depends on the point zero charge (PZC) of the
adsorbent and protonation constant (pKa). As shown in Fig 3.7, the point of zero charge is the
point where the charge on the catalyst surface is zero (Rahdar, Igwegbe, Rahdar, & Ahmadi, 2018).
pKa value for aniline is 4.6 (Ahmadi & Rahdar, 2017). At a pH value less than the PZC of CO2BC (which was obtained as 4.6), the surface of the CO2-BC had a positive charge. In acidic pH,
the electrostatic attraction of CO2-BC positive charge increased; therefore, the efficiency of
removal increased (M.M. Abd El-Latif, 2010). The adsorbent surface better adsorbs anion at low
pH values and in the presence of H+ ions. In alkaline pH conditions, the concentration of OH− ions
increase; therefore, competition between them and anions increase. The efficiency of removal
decreases because of the repulsive force of negative charges of CO2-BC (Huang, Hu, Zhang, &
Liu, 2015; Koyuncu & Kul, 2019).
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3.4.3

Adsorption kinetics
Aniline removal on CO2-BC was plotted versus the equilibrium time (Fig. 3.8-3.10) at

initial concentrations of 75, 100 and 125 mg/L. All experiments (at pH 5, with 10 g/L dose and
room temperature) exhibited high initial aniline adsorption rates on CO2-BC. Fig. 3.8 below shows
the non-linear plots of Aniline adsorption onto CO2-BC at room temperature. Table 3.2 reports
kinetic model parameters and their constant values as calculated from various plots. The summary
of the plots and table explains that the rate of adsorption is fast and reached equilibrium within 60
min. The relatively high adsorption values reflect the good interaction between aniline molecules
and the binding sites of CO2-BC. Experimental data gave excellent fits (Table 3.2) to pseudosecond order model which shows the high regression coefficient (<0.99) over the other pseudofirst order model. The experimental, qe value for the pseudo-second-order kinetic model agreed
well with the calculated values. The best fit kinetic model was selected by its goodness of fit,
correlation coefficient (R2) value. The best correlation coefficient fits fitting to experimental data
were given by pseudo-second order model. On contrary, the pseudo-first order kinetic fittings
(Table 3.2) were not highly satisfactory throughout the complete range of contact time (Fig 3.10).
The pseudo-first order model correlation coefficient (R2) of aniline adsorption was the range 0.760.89, with a very poor fittings.
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Adsorption kinetic curves non-linear fitting of pseudo-second-order kinetic model
for Aniline adsorption at room temperature
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Adsorption kinetic curves linear fitting of the pseudo-second-order kinetic model
for Aniline adsorption at room temperature
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Table 3.2

Adsorption kinetic curves linear fitting of the pseudo-first order kinetic model for
Aniline adsorption at room temperature
Kinetic parameters for aniline adsorption
Co (mg/L)

Model

Pseudo-first order

Pseudo-second order

Parameter

75

100

125

qe, exp (mg/g)

53.9

79.6

123.5

qe, calc (mg/g)

23.0

38.9

59.9

K1 (1/min)

0.060

0.050

0.056

R2

0.765

0.846

0.891

qe, exp (mg/g)

53.9

79.6

123.5

qe, calc (mg/g)

56.9

K2 (g/mg min)

3.95x10

R2

0.991
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83.3
-3

3.3x10
0.997

127.8
-3

2.54x10-3
0.998

3.4.4

Adsorption isotherms
Linearized and Nonlinear plots of Langmuir and Freundlich isotherms for the adsorption

of aniline onto CO2-BC are shown in Figures 3.11-3.14. The qm, KL and R2 values for the Langmuir
isotherm, the KF, nF and R2 values for the Freundlich isotherm and the correlation coefficients of
equations are shown in Table 3.3. Results show that the Freundlich equation gave a better fit than
the Langmuir equation according to their correlation coefficients. The Langmuir isotherm equation
was also a good fit to the experimental data but Freundlich isotherm gave a perfect fit with high
regression coefficient (<0.99), this is probably due to the heterogeneous distribution of active sites
on the surface of the adsorbent tested. The, KL values were almost similar indicated favorable
conditions for the adsorption of aniline onto CO2-BC for all three temperatures. Further, for these
adsorption processes, KF values have been found to increase from (5.95-6.67), justifying the
adsorption of aniline by CO2-BC as a favorable process.
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Adsorption isothermal curve nonlinear fit of aniline: Langmuir model
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Adsorption isothermal curve linear fit of aniline: Langmuir model
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Adsorption isothermal curve non-linear fit of aniline: Freundlich model
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Table 3.3

Adsorption isothermal curve linear fit of aniline: Freundlich model

Adsorption isotherms parameters for aniline adsorption
Temperature
Model

Parameter

15 °C

30 °C

45 °C

649.3

675.6

746.3

KL (L/mg)

0.0039

0.0040

0.0038

R2

0.978

0.952

0.935

KF (mg/g)
(L/mg)1/n

5.95

6.45

6.67

nF

1.38

1.40

1.38

R2

0.993

0.996

0.997

qm (mg/g)
Langmuir

Freundlich

110
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Conclusions
The results of the study indicate that carbon dioxide activation of BC enhances the aniline

adsorption. The highest aniline removal percentage was achieved at contact time of 60 min at pH
of 5 and adsorbent dosage of 10 g/L. The adsorption kinetics followed the pseudo-second order
model and the adsorption isotherm data fitted well to the Freundlich isotherm model with R2 =
0.99 for CO2-BC. Accordingly, the maximum adsorption capacity obtained were between (649746 mg/g) at three different temperatures of 15 °C, 30 °C, and 45 °C for CO2-BC. The experimental
study shows that the carbon dioxide activation of BC can give good efficiency for the removal of
aniline from waste waters.
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